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Tbe inT 7 estigations on tbe flotation bebauiour of Zircon 
(ZrSiO^) with .soHinm oleate a,s tbe .collector and NaE, Na2SiO^ 
and NagSiEg as mode^^atoff abb bein'g reported in tbis disser- 
tation. 

With tbe help of adsorption and electrokinetic measure- 
ments and infrared spectra, it bas been conoluded that tbe 
sodium oleate adsorption on tbe zircon surface is ma.inly due 
to van'der waal*'s attractive forces between tbe bydrocarbon 
chains^ 

A matbematical model to quant it o,tively cbaraeterise tbe 
pH dependence of iiiotation recovery bas been given, 

^In equation to express the fiuictional relationship between 
oleate adsorption density ( fQ^^) (orCH*^]) bas been 


obtained. It fits tbe es^erimental data remarkably well. 
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The correlation het?reen the flotation re cot? ery and adsorp- 
tion as well as zeta potential in the zircon- sodium oleate sys- 
tem has been illustrated. It has been shown that the two 
phase solid-liquid interfacial pa.rajiieters such as the adsorp- 
tion density and zeta potential are in general correlative with 
the flotation recovery values. 

The critical contact phenomenon is illustrated with the 
help of Tqjj vs. pH and X vs. pH plots. The critical signifi- 
cance of the [_ 01~ j / [^0H“ j ratio has been brought out. 

In case of zircon-sodium olea,t e-moderator system, small 
additions of HaF, Na 2 SiO^ and Ha^SiHg induce distinct activa- 
tion. It is proposed that the adsorption of, Ha"*" ion causes 
greater adsorption of collector species by decreasing the 
repid-sion between the ionic heads of the hydrocarbon chains. 
This results in enhanced flotation recovery, 

ilt relatively large a,dditions of H'a 2 SiO^ and Na 2 Si!Pg, the 
usual depression ^effect is obtained, HoT/ever, HaH has been 
found to be a. very poor depressor for zircon. 

Prom the constancy of (Toi + P^ap) (r’oi + llagSiO,) > 

it h8.s been concluded that over a limited range of HaP and 
Ha 2 SiO^ concentration, the absorption sites on the zircon sur- 
face are common for the collector and the moderator species. 



CHAPTER I 


IHTRODUCTIOH 

Eroth flotation has become one of the most important 
and useful separation processes in the mineral industry, since 
its ad-vent during the beginning of this century. In essence, 
it consists of the attachment of air bubbles to the mineral 
particles in the pulp and their subsequent removal with the 
froth formed on the surface of the pulp. This bubble attach- 
ment is effected by certain surface active reagents which 
render the naturally hydrophillic surface of the minerals 
hydrophobic. Thus, separation of solids by flotation is cha- 
racterised by the establishment of contact among three phases. 
These three phases are the solid to be floated, an aqueous 
electrolyte solution and a gas, mostly air. 

It is necessaiy to study the chemical and physical pro- 
perties of the thiree interfaces solid-liquid, solid-gas and 
liquid-gas in order to gain a full understanding of the process. 
This has been aptly brought out by P. Som Sundaran (1) in one 
of his recent papers. However, it is the solid-liquid inter- 
face that has attracted more attention; and the flotation resiilt 
are often explained on the basis of solid-liquid interfacial 
parameters. In fact, P.W. Euerstenau (2) has shown that the two 
phase interfacial propeirties such as adsorption density and zeta 
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potential are correlative with the three phase contact pro- 
cesses such as contact angle and flotation. This parallelism 
between solid-liquid interfacial parameters and flotation 
behaviour was subsequently brought out by many other workers 
for diffei^nt flotation ^sterns (5,4). Naturally, studies 
concentrated on solid-liquid interfacial measurements have 
special significance in flotation research. 

During the last forty years, considerable efforts have 
been put in to selectively float different minerals with the 
help of a variety of collectors and modifiers and also to under- 
stand the mechanism of collection and modulation. Simultane- 
ously, advances have been made in other branches of surface 
chemistiy and in the development of a series of experimental 
techniques such as contact angle, radioactive tracers, infrared 
spectra, electron diffraction and electrochemical methods of 
investigation. Outstanding success has been achieved through 
these studies as regards the fundamental aspects of the sulphide 
flotation (5, 6). However, the progress made in the selective 
flotation of nonmetallic minerals and the scientific understand- 
ing of the processes involved has been rather slow. 

1-1 FLOTATION OD NONMETAllIC MINERADS; 

This class of minerals include metal oxides, silicates, 
carbonates, phosphates, sulphates etc. I'.I’. Apian and D.W. 
^Puerstenau (7) have tried to rationalise the available body 
of information upto 1962 on the flotation behaviour of 
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noniaetallic minerals in terms of ciystal structure, surface 
properties and adsorption mechanisms. It has been maintained 
that a study of the effect of electrical forces superimposed 
on the chemical adsorpti've forces leads to better understand- 
ing of the flotation beha'viour of non-metallic minerals. 

Both the hydrocarbon chain and the ionic head determine 
the collection abilities of the anionic collectors (7) while 
the ionic head determines the ionisation properties as also 
the closeness of approach to the mineral surface, the hydro- 
carbon chain determines the extent of hydrophobicity that a 
collector is capable of imparting when adsorbed on the mineral 
surface. P.B. Pilpel(8) has reviewed recently the role of 
fatty acid soaps as flotation collectors. These collectors are 
very common in nonmetallic mineral flotation. 

The nature of the mineral surface and the crystal struc- 
ture of the minerals affect the flotability of the minerals. 
A.M. Gaudin et.al. (9) systematically studied the structural 
attributes of flotability and concluded that the intrinsic 
hydrophillic nature of most of the minerals is due to the pre- 
sence of ionic sites at the surface above a certain threshold 
value . 

T.W. Healy et. al.(10) have inteipreted differences in 
the zero point of charge (zpc) in terms of the atomic packings 
of various crystals in case of manganese dioxide. 
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The electrochemical nature of the flotation process was 
realised quite earlier (11,12) and there have heen many syste- 
matic studies on particular systems (15,14,15). 

A complete description of the physical chemist ly of 
flota,tion also involves the solubility relationships and the 
complex ionic equilibria. Since the work of Garrels (16) and 
Pourbaix (17) on the pH-concentration diagrams the equilibrium 
data have been increasingly made use of in the interpretation 
of the flotation results (18, 19). 

The charged condition of the mineral surface when brought 
in conta,ct with aqueous solutions plays an important role as 
to the nature of the collector to be used. G.l. Parks (20,21) 
has studied the zero point of charge and potential determining 
role of H"*" and OH” ions for many oxides, silicates and carbo- 
nates. In general, below the zpc, an anionic collector is 
efficient since the surface is positively charged, wheiaas a 
cationic collector is desirable above zpc. 

The nature of compounds, if any, formed at the surface 
has been investigated by infrared spectroscopy since 1956. The 
work of M.E. Wadsworth and coworkers (22,23,24) has been pace- 
setter in this regard. 

A few systematic studies have been made on the modulation 
of collection of non-metallic minerals (25,26). Since the num- 
ber of modifiers used is quite large, much remains to be done 
to gain some insight into the action of the modulators. Alsop 
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as far as, the quantification of the results is concerned, 
little progress has been achieved so far. 

Experimental correlation between zeta potential and 
adsorption density has been clearly brought out in many cases 
(2,15,27). However, no suitable quantitative relationship has 
been proposed. 

Also, very few studies on the quantitative aspect of 
varia.tion of flotation recovery and adsorption density with 
respect to pH have been conducted. The work on graphite-fa++"‘ 
a.cid soap system (28) using langmuirian approach is worth not:, , 
in this regard. 

1-2 ELOTAIIOH BEHAVIOUR OE SILICATE MIHER.ALS: 

Silicates are quite conspicuous by their ubiquitousness. 
Silicon is one of the most abundant elements in the earth’s 
crust, and it is invariably present in the form of numerous 
silicates possessing variety of structures. The basic struc- 
tural. unit of all the silicates is the SiO^ tetrahedron in 
which the silicon atom is located in the centre of the four 
tetrahedrally coordinating oxygen atoms. The linkage of silica 
tetrahedra which occurs in a number of ways in different sili- 
cate types, determine the breakage characteristics of the 
minerals. 

Joy and cov/orkers (29) have classified the silicate 
minerals according to their flotation response into two classes 
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In the first are included the framework structures with 
— Si — 0—Si — links extending in three dimensions. These 
silicates do not have good cleavage properties and when cleaved, 
Si — 0 bonds are invariably broken thus presenting >Si — 0” 
sites. These sites invite cationic collectors which get adsor- 
bed on the mineral surface. Anionic reagents on the other hand 
induce veiy poor flotation response. Quartz and Feldspar belong 
to this category. In the second type of silicates, the SiO^ 
tetrahedra fom separate groups rings or chains. The breakage 
mode of these silicates is such that polysilicate groups are 
preserved as far as possible. This means that other M— 0 bonds 
are broken in preference to Si— 0 bonds. As a. result, high 
ener^ cationic sites are exposed on which anionic re- 

agents get adsorbed, ilndalusite. Beryl and Spodumene repre- 
sent this class of silicates. 

D.W. Fuerstenau et. al.(30) have studied three different 
aluminosilicates: sillimanite, andalusite and kyanite halving the 
same chemical composition (Al 20 ^, Si 02 ) "but different crystaJ 
structures and varying ratio of the nimiber of Si— 0 and Al— 0 . 
bonds. The authors found that the ratio determined the surface 
properties of the above minerals. The crystallogia,phic proper- 
ties of the mineral, determine the coordination numbers of Al 
and Si, cleavage characteristics and density of various solids 
as also the ill to Si atom ratios on the surfaces of different 
minerals. The surface properties could be altered by procedurals 
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that altered the Al to Si ratio at the surface. Thus, the zero 
point of cha,rge shifts to lower pH values when the is 

preferentially leached out of the surface. 

R.A. leju and R.B, Bhappu (31,32) have studied the sur- 
face properties of the silicates wath respect to zpc and H 
ion adsorption. They have established that higher the oxygen 
to silicon ratio in the silicate the more is the hydrogen ion 
adsorption in acidic pH and the more is the zpc. A chemical 
interpretation of these results in terms of exichange of metal 
cations and hydrogen ions has been given to account for the 
above findings, 

1-3 BLOTATIOH STUDIES ON 2IRC0N (ZrSiO^): 

As far a,s zircon is concerned, there have been quite 
a few investigations regarding its flotation behaviour with 
various collectors and moderators. The earlier studies were 
mostly confined to selectively float zircon from its companion 
minerals in the beach sands which is their natural abode. Thus 
in 1934, zircon was separated by soap solution in Australia and 
elsewhere (33,34), In 1939, W.R. Poole (35) gave a flotation 
scheme to separate zircon from rutile and ilmenite. G. Gutzeit 
and P. Kovalive (36) introduced sodium silicate as a depressor 
in the flota,tion of the beach sand minerals incliiding zircon. 
G.V. Subramanya (37) suggested an alkaline circuit (pH 11.5) 
instead of usual acid circuit and employed mixed collectors 
(sodiian oleate + sodium stearate) at elevated temperatures from 
65°C to 95°6!. 



8 


In India, work ha^s “been done on sand deposits of Travan- 
core in Kerala, which contained amongst others 4-6 percent 
zircon (38), Nayak (39) studied the flotation behaviour of 
zircon with sodium oleate as collector and alizarin red-S as 
depressant. K.M. Pai et.al. (40) employed sodium linoleate 
and linolinate as collectors and sodi-um silicate as depressor. 

I. R. Madhavan et.al. (41) further continued these studies to 
develop schemes for flotation of leach sand deposits. 

In Russia, -I.R. Plaksin and coworkers (42,435 44,43,46) 
conducted the studies on the flotation of zircon. The role of 
02 cygen as activator, sodium fluosilicate as depressor, influence 
of halide ions on the state of emulsified oleic acid in condi- 
tions of flotation were investigated. It was found that oxygen 
activates the mineral surface of the titanium and zirconium 
minerals and significantly accelerated mineral conditioning for 
flotation. Emulsified oleic a,cid improves the flotation activity 
but decreases the selectivity. Halides were used to change the 
stability of the emulsion. The stability was decreased with the 
addition of halides. 

Of late, there have been some studies on the physico- 
chemical aspects of zircon in relation to its flotation response. 

J. M. Cases (47,48) has shown that in case of sodium dodecyl sul- 
fate and dodecyl ammonium chloride of zircon, the chemical affi- 
nity of collector ions^for the surface is negligible. The inter- 
action is predominantly electrostatic in nature. 
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D, Salatic (49) has studied the zeta potential and no- 
tability of zircon with dodecyl amine acetate in the presence 
of modifiers Ka2SiO^, and f.Y. Salatic (50) 

attempted to eacplain the mechanism of amyl xanthate action on 
zircon preact iwated by sulphuric acid in terms of the follow- 
ing reactions. 

for activation with sulphuric acid, the reaction 

Zr^"^ + HS0^~ = ZrSO^^^ + 

was suggested* When amyl xanthate ions are adsorbed at the acti- 
vated surface the following reaction was believed to occur. 

Zr^"*" + nK'^nir", = (ZrAX^) + KgSO^ + (n-Z)!**" 

This type of mechanism was supported by the reversal of the sign 
of the zeta potential from the positive to the negative side on 
addition of xanthate. However, the above mechanism does not 
explain the similar case of monazite flotation investigated 
by the above author. Ho charge reversal on xsmthate addition 
was observed in case of mona,zite. 

The present author (51) has studied the pH dependences 
of flotation and collector adsorption on zircon and other beach 
sand mine rads. The experimental behaviour was seen to be ade- 
quately explicable in terms of oleate ion adsorption and compe- 
tition of oleate and hydroxyl ions for getting adsorbed on the 
mineral surface. 
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From the litersiture survey it is evident that no detailed 
investigation has heen made on the role of sodium olee^te as a 
collector for zircon and the effect of modifiers lilce NaF, 
i'Ta 2 SiO^ and Na 2 SiFg» 

1-4 PHILOSOPHY OF IKE PROBLEl'I: 

The present investigations are inspired by the need to 
rationalise the flotation behaviour of a vast majority of sili- 
cates in terms of their crystal structure as also the reagent 
types. This in its entirety is a big task and requires studies 
on a number of individual silicates befo 2 ?e the problem can be 
tackled with sufficient scientific maturity. However, as a part 
of this stupendous task, an attempt has been made to study the 
physicochemical parameters affecting the flota.tion of zircon 
which represents the class of ortho silicates. It is hoped that 
this would add to our understanding of the flotability of zir- 
con in particular and silicates in genera,!. Similar studies 
on individual beach sand minerals associated with zircon, are 
likely to establish rational procedures for beneficiation by 
flotation. 

1-5 STlTElffilT OF THE PROBLEM: 

Solid-liquid interfacial parameters e.g. adsorption den- 
sity, electrokinetic properties etc. of zircon in relation to 
its flotation response have been investigated on the following 
points: 
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1. Electrokinetic 'behaviour of zircon in aqueous solutions 
of varia'ble and constant total ionic concentrations. 

2. Flotation, adsorption, elect rokinetic and infrared inves- 
tigations on the zircon - sodium oleate system and their mutual 
correlat ion. 

3. Effect of pH and temperature on the .adsorption of sodium 
oleate on zircon. 

4. Mathematical models for the pH-dependence of flotation 
recovery and adsorption density. 

5. Critical contact phenomena in the zircon- sodium oleate 
system. 

6. Modulation of collection of zircon by Ha. 2 SiO^, HaF and 
Ha2SiFg. 

7. Effect of the moderators on the adsorption, electro- 
kinetic and flotation behaviour of zircon and their mutual 
correlation. 

In brief, detemination of the flotation properties of 
zircon in various collector-moderator systems and correlation 
of the same v/ith the fundamental solid-liquid interfacial 
properties of the above systems were contemplated to be the 
objectives for this dissertation. 



CHAPTER II 


EXPERUdEHTAP TECHNIQUES 


In the present work, the surface chemical properties 
of zircon in the presence of different aqueous solutions have 
been investigated with the help of flotation e3cperiments, ad- 
sorption measurements using tra,cer technique, electrophoretic 
mobility studies and infrared spectroscopy. In this chapter, 
a short resume of these experimental techniques along with the 
details of the equipments is given, 

II- 1 ELOTATION CELL ASSEMBLY: 

Flotation experiments were conducted in an all glass 
laboratory flotation cell shown in Fig. 1. It consists of a 
tapered glass vessel. Near the bottom of the vessel is fixed 
a sintered glass disc which admits air coming through the 
inlet at the bottom. In the lower part of the cell below? the 
disc, an outlet for the liquid that might trickle down on long 
standing is provided. In the upper part of the cell is provided 
an outer vessel for collecting the overflowing froth which could 
subsequently be removed through the froth outlet. A glass 
stirrer is provided from the top for efficient stirring. Air 
is drawn to the cell from a compressor through a gas regulator. 
Performance of the cell for reproducibility was tested with the 
calc it e flotation under regulated conditions. The results are 
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included in Table IX, Appendix D. The reproducibility was 
found to be quite good. It varied by + 1 percent only. A 
few experiments were performed with larger amounts cf samples 
(100 gms) in laboratory Denver Sub A flotation cell with one 
litre capacity which is depicted in fig. 2. 

II-2 RADIOACTIVE TRACER TECHNIQUE: 

The colorimetric method (52) of estimation of sodium 
oleate (which was used in our earlier investigations) by using 
nile blue suffers from intolerable interfeiences from the fluo- 
ride and other ions derived from moderators. Hence tracer 
technique ?/as used for determining adsorption of sodium oleate. 

Counting System : 

Carbon- 14 radioactive isotope used to label the oleic 
acid is a weak p -emitter with a half life of 5700 years. The 
maximum energy of the p-rays is 0.155 mev which would penetrate 
a layer of 0.2 cm thick of oleic acid (53). Most of the 
^-particles have less than this energy. Therefore, if a very 
thin layer of sodium oleate is formed on the planchet, the 
effect due to self-ab sorption can be minimised. The best accu- 
racy in radioactive analytical method also depends on high 
count rate of the experimental sample with respect to back- 
ground, reproducible geometry and stable behaviour of the 
counting device. In the present determinations, the Geiger- 
Muller counting system with end window detector (type 1-1030 
supplied by Electronic Corporation of India, Hyderabad) has 
been used. 
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The whole system which is schematically shown in Pig. 3, 
consists of a high voltage supply unit which can give voltages 
from 1000 volts to 2000 volts; a preset timer which can read 
time accurately upto 0. 1 seconds and a decade scaler to which 
the G.M. detector output is fed. The system also includes an 
external q,uenching unit. The G-.M. detector is mounted on a 
bahelite stand. The radioactive samples are kept in planchets 
which in turn can be fitted over racks provided in the stand. 

The whole mounted assembly is kept in a lead castle to minimise 
the background, 

St andard i sat ion of Conditions ; 

For a particular G.M. tube, the best operating conditions 
with regard to (a) high voltage to be supplied to the central 
wire, (b) disc bias which depends on the noise level and (c) quen 
ching time, have to be obtained experimentally. From the thres- 
hold voltage at which the detector starts sensing the radioactive 
particles, the count rate (No. of counts per minute) increases 
with increasing voltage till it levels off for a fairly large 
change of voltage. At the end of this platea,u region, the 
count rate again shoots up. The wider the plateau the better 
is the performance and the slope of the plateau line per 100 
volts is taken as an index of the performance of the detector. 

The change in count rate was about 5 percent for a change of 
100 volts in the plateau region, as was specified by the manu- 
facturers(Fig. 4). 



q: 



FIGURE No.3 SCHEMATIC DIAGRAM OF THE COUNTING SYSTEM 


COUNTING TIME : 3 MIN. 
QUENCHING TIME: 530 AiSEC. 
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Quenching time -530^860. Disc bias - 6 volts and fila- 
ment voltage 1250 volt were the best conditions as found with 
the help of standard C-14 p source. Depending on the concen- 
tration level, the time for counting was kept between 10 - 30 
minutes to get sufficiently large counts (10000) to minimise 
statistical error. Usual care regarding background and fixed 
geometry was taken. 

II- 3: ELECTROPHOEEIIC MOBILITY JISASUBEMEITS: 

Electrophoretic mobility measurements were carried on 
a Uuminco Model MIC-1201 Mass Transport Analyser. 

Cell Assembly : 

In this method, the electrophoretic mobility of solid 
particles is determined by measuring the rate at which the 
particles migrate in an electrical field. To this end, the whole 
assembly is designed to consist of a reservoir, a filling plug 
and a collection chamber, all made of acrylic plastic. As shown 
in Eig. 5, the electrodes in the mass transport cell assembly 
are located on the inside end of the filling plug and at the 
base of the collection chamber. The instrument has an in- 
built wide range constant current D.C. power supply, a preset 
timer and motor drive for rotating the cell assembly. The cell 
assembly is rotated at 30 rpm during the experiment, in order 
to .eliminate gravitational settling of coarse particles as a 
factor and to dissipate thermal convection currents that may be 
created by the current passing through the suspension. Calcula- 
tions show that the temperature increase is never more than 1°C 
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Quantitative Relationship : 

^To relate the change in the mass of the contents of the 
collection chamber (See Rig. 5) to electrophoretic mobility, 
suita„ble mass balance equations have to be set up. 
let, 

Y - velocity of the particles in cm. sec. . 

2 

A - cross sectional area of chamber entry in cm 

-5 

M - concentration of solids in g-cm of suspension. 

Thus, the mass of the solids entering the chamber per second 
can be written as, 



= YIM 


(II. 1) 


As solids enter, they displace an equivalent volume of suspend- 
ing liquid. The 2 ?efore, the mass of the liquid leaving the 
collection chamber per second can be written as, 

W. 

’Y “ ^v/'^s (II. 2) 

where 6^ and 6^ are the densities of the solid and the suspend- 
ing liquid respectively. Therefore, the net charge in the mass 
of the liquid is given by. 


A W = - Y/g 


so that, 

Y = 


AW 6, 


tilM (6g - 6^) 


(II. 3) 


The velocity of the solid particles Y, as given by 
Bqn. (II. 3) is the result of two components: the electrophoretic 
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velocity of the particles in the chamber and the velocity 
in the opposite direction of the liquid coming out of the cham- 
ber Under conditions of steady state flow, it can be written 

■yy 

that, 

V = E Vg - (II. 4) 

— 1 

where E is the potential gradient in volts cm , Y is expressed 

— 1 — 1 — 1 
in cm sec. /volt cm and is in cm sec . 

The velocity of the liquid can be determined from the 

amount of liquid displaced and effective cross-sectional area 
of the cell entiy. Thus, 

Ym 

Y = (II. 5) 

63 A(1 - M/ 6 g) 

Substituting Eqns. (II. 5) and (II. 3) in Eqn. (II. 4 ), and setting 

"the volume fraction of dispersed phrase, ?/e get, 
s 

A W 

T = (II. 6) 

tEA 0(1-0) ( 63 - 6 ^^ 

The potential gradient, E can not be reliably determined 
from the overall a,pplied potential because of polarisation effects 
and because of the change in cell resistance caused by the depo- 
sition of solids on the electrode of sign opposite to that of 
the particles. However, by maintaining a constant current during 
the course of the experiment, the effective voltage gradient at 
the entrance to the chamber can be computed from the current i, 
the area A, specific conductance, X . 



23 


Thus, 

E 

Hence , 


V 


e 


i/XA 


A W 

ti 0(1-0)(6g-6^) 


(II. 7) 


( 11 . 8 ) 


Eqn. (II, 8) gives us the relationship between the weight 
change in collection chamber and the electrophoretic mobility- 
in terms of other measurable quantities, and is used for com- 
puting the electrophoretic mobility from the experimental data. 


Calculation of Zeta Potential: 


The zeta potential, which is defined as the electrical 
potential in the shearing plane between the fixed aoid flov/ing 
liquid, may be calculated from the Helmholtz- Smoluchowski 
equation 

4 V Tc rt 

? = (II. 9) 

where, 

5 - zeta potential 

D - dielectric constant 

- viscosity in poise 

If is expressed in micron sec" /volts cm , C in 
millivolts can be written for water at 25°C as, 

? = 13 Vq (11.10) 

The Helmholtz-Smoluchiwoslci equation is strictly valid 

■under the following assumptions and conditions (55). 
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i) The particles are non conducting and for these, radius 
of curvature at any point is large as compared to the extension 
of the double layer. 

ii) The surroimding liq.uid is assumed to have an electrical 
conductance, dielectric constant and viscosity eqtual to that 
in the hulk phase. 

iii) The distribution of charges in the ionic double layer 
is not affected by the applied field. 

iv) Ho surface conductance effect is involved. The validity 
of the eq.uation, however, does not depend on the shape of the 
particle. 

II-4 IHEEilRED SPECTihl Of SURflGE SPECIES: 

Though infrared spectroscopy has been quite popular 
amongst structural chemists because of its utility in elucidat- 
ing molecular structures, its application to the surface che- 
mical problems is quite recent. 

This is so especially in case of adsorbed species on the 
solid surface from aqueous solutions. Special sample prepara^- 
tion is required so that sufficient amount of solute may be 
adsorbed and the surface species is suitably detected by in- 
frared spectra. Secondly the collector inolecules that may be 
adsorbed on solids in flotation systems are usually long chain 
molecules. Because of this, van der waal’s forces between 
adsorbate molecules are considerable, and adsorption may not be 
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restricted to monolayer co'V'erage only. It may not then he possi- 
ble to distinguish (by infrared spectroscopy) the first layer 
adsorbed from the overlaying multilayers. j,'j.d sorption in such 
a case, in general, is less well characterised than adsorption 
of smaller gas molecules. 

Moreover, because of the greater molecular size, the 
infrared spectra will be less complete. Important bands indi- 
cating the modes of adsorption may be masked by other less cha- 
racteristic bands. Also, there is every possibility of the 
solvent molecules interacting with the surface along with the 
solute. Thus the intense solvent bands might mask bands of the 
adsorbed solute. 

In spite of these difficulties, this technique has proved 
to be of great help in studying the flotation systems. The de- 
tails of the various applications of infrared spectroscopy in 
the investigations of the surfaces have been covered in details 
in two recent monographs (56,57)* It would be worthwhile to 
mention here the concept of group frequencies which has proved 
to be one of the most important qualitative contributions to 
infrared spectroscopy. According to this concept, one can 
assign a characteristic frequency to the stretching as well as 
bending modes of the group and it will mostly lie in a very 
narrow region in all compounds in which the group is present. 
Excellent confirmatory evidence is supplied by the works of 
Mecke ( 58) , Van Yleck (59) and Herzberg (60) regarding the theo- 
retical origins of the characteristic group frequencies. 
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Special 'Tecliniques for Surface Species ; 

Ihe detection of surface effects requires that the solids 
have large surface areas and that the -particles themselves be 
less than approximately one micron in diameter (61) to minimise 
scattering of rays. In addition, the solid sample must be sus- 
pended uniformly and reproducibly for quantitative work. 

Several techniques have been used in the past to study 
solid specimens, e.g. Uujol mull technique_^ yiac ing solid sam- 
ples between sheets of mica or polyethylene etc. However, the 
most popular of these techniques is that used by Stimson and 
O’Donnell (62) in which solid samples are thoroughly mixed ?/ith 
finely ground KBr. Discs are then pressed out in a vacuum die. 
It has been demonstrated that this way of suspending the solid 
is more convenient and reproducible (63). The transmittancy 
is also quite good. For quantitative studies, precautions 
regarding the reproducibility of the pellet dimensions and 
uniform distribution have to be taken. 

In the present investigations, the KBr pellet technique 
and Perkin-Elmer 521 spectrometer have been employed for record- 
ing the infrared spectra of solids. 


CHiPTSR III 


. MALYTICAI, TECHNIQUES 

In the series of investigations, various estimations 
have "been made of the ole ate, fluoride and silicate concentra- 
tions. Y/hereas the oleate and fluoride were estimated as such 
abundance of SiO^"” species was estimated in teims of the 
total and silicon concentration. The methods of estimation 
of 01 , Si , and E individually or in the presence of one 
another are described below, 

III-1 ESTIMATION OE SILICON: 

Silicon was' determined by forming yellow silicomolyb- 
denum complex and then estimating colorimetrically (64,65). 

Standard Silicon Solution : 

Weighed quantity of powdered Si02 was treated with 
HE + HgSO^ acid mixture in a platinum crucible and evaporated 
to diyness, The weight of the original sample minus the weight 
of the residue represents the true weight of silica. An accu- 
rately weighed powdered sample was transferred to a platinum 
dish. 10 ml of redistilled water and 1 gm. of KOH pellets were 
added and the whole mass was gently heated till complete disso- 
lution occurs. Working quickly, the hot mass was poured into 
350 ml. of water and the dish was washed out in the beaker to 
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transfer material completely, file voliime was made upto 500 ml 
and tbe solution obtained was stored in plastic bottles for 
further estimation. 

Colorimetric Procedure ; 

Presh ammonium molybdate solution was prepared by disso- 
liring 10 gms. of the solid in 250 ml, redistilled water. It 
v/as then used to develop yello?ir color by adding to the experi- 
mental silicon solutions at pH 1.55-1.60 obtained by adding 
0.15 ml of 50:50 H2S0^. 

The blank prepared consisted of all the reagents except 
silicon solution. A wide range of wavelengths has been suggested 
in the literature (66,67) for the colorimetric estimation. After 
testing the complete range between 360 m y to 420 my , 400 my 
was found as the suitable wavelength. An excellent straight 
line relationship between absorbance and concentration as re- 
quired by Beer’s law was obtained as shown in Pig. 6. Since, 
it is required to know the concentrations in the presence of 
the oleate, the effect of oleate was also noted. It was found 
that the usual small amounts of oleate 3m moles/lit. do not 
affect the deteiminations. 

III-2 COLOHBIETRIC BETEMHJATION OP PLUORIDE: 

The red cerous chelate of Alizarin Pluorine blue 
(C^^Hr^0^-CH2*R(CH2C00H) 2 ? mol. wt: 385.34) changes to blue 
in the presence of fluoride and is used for fluorine detemina- 
tions. Of the many colorimetric methods available, probably 
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this method is the most specific and sensitive. The method is 
not subject to interferences from Cl“, 010^“ etc. Stability 

and sensitivity of color are enhanced by developing the color 
in acetone-water medium. (6S) . 

Preparation of Stock Solutions : 

Stock solution of cerium nitrate hexahydrate was made by 
dissolving 3.526 gms in 500 ml to get a strength of 0.0167 M. 

Alizarin-complexone stock solution was similarly prepared ; 
by suspending 0.643 gm of the reagent in 50 ml of v/ater. It was 
dissolved by adding 0,25 ml of strong ammonia and subsequently 
neutralised by adding 0.25 ml of glacial acetic acid, 

pH 4 buffer was prepared by dissolving 6 gms of sodium 
acetate in 500 ml of waiter. 115 ml of a glacial acetic acid 
was added and the volume made up to one litre. 

Composite fluoride reagent was prepared by mixing 330 ml 
of acetone, 68 ml of buffer solution, 10 ml of alizarin-complexon 
solution and 10 ml of cerium (ous) nitrate solution. After mix- 
ing the volume was made up to 500 ml. 1 

Procedure : 

The fluoride solution containing 1-25 d gm of P" was taken 
in a volimaetric flask and neutralised if necessary 15 ml of the 
composite fluoride reagent was added and the volume made upto 
50 ml with water. Transmittance was measured at 617 mju after 
20 minutes. The standard curve is shown in Pigs. 7 (69 ,70) . Small 
amounts of ole ate do not interfere. 




CONCENTRATION OF NaF [mole/lit X 10 ] 

FIGURE 7 STANDARD CURVE FOR THE COLORIMETRIC ESTIMATION 
OF FLUORIDE WITH COMPLEXONE 
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III-3 ESTIMATION OE SODIUM OLEilTE: 

Sodiron oleate was estimated by using p— active C-14 
labelled oleic acid. The details of the technique have been 
already given in Section II-2, only the analytical details are 
presented here. 

0-14 labelled Oleic Acid ; 

The oleic acid tagged by 0-14 at the carbon of the car- 
boxyl grotip, was procured from the Tracerlab, U.S.A. The acid 
was supplied in the form of a solution in benzene. 

Preparation of Tagged Sodium Oleate Solution : 

A suitable quantity of tagged oleic acid was transferred 
from the vial to a 500 ml volumetric flask. Exicess of sodium 
hydroxide solution was added to make the volume around 15 ml* 
The mixture was kept in a thermostat maintained at 40°C for 
about thirtysix hours. It was frequently shaken and the stoppe 
opened to allow the benzene vapor to escape. At the end of 
this period, saponification was assumed to be complete. The 
resulting product was then added to a solution of ordinary 
sodium oleate. The solution v/as stocked for further use. 

Standard Curve : 

Standard curve with known concentrations was determined. 
Por this purpose the experimental conditions regarding the 
geometry of the sample holder, voltage to be applied to fila- 
ment etc. were fixed once for all as discussed in Section II-2. 
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The sample holder used was made out of perspex and was circular 
in geometry and about 1/8 inch deep. It could contain 2 ml. of 
the solution. Vaiying volumes of samples of tagged oleate so- 
lution (less than 2 ml.) were withdrawn from the stock solution 
and transferred to the planchet. To make the total volume 2 ml 
the balance was made up by adding ordinary sodium oleate solu- 
tion of the same concentration to the planchet. The planchets 
were then kept in oven for about 10 hours at a temperature of 
4-0°C. This time was found sufficient for water to evaporate. 
There, was absolutely no loss of sodium oleate upto 60 hours as 
shown previously (53), The planchet was then directly trans- 
ferred to the counting assembly. Total number of counts gene- 
rally ranged between 8000-10000. Necessary background correc- 
tion was made. The standard calibration curve thus determined 
is shown in Pig. 8. The standard calibration curves thus deter- 
mined were used for estimation of solute in solutions of imknown 


concent rat ion , 







CHAPTER IV 


aiATERIAES PEEPARATIOH 

In this chapter, detailed accounts of the chemicals and 
materials used are given. 

IV- 1 ZIRCON: 

The zircon sample used in the present studies was pro- 
cured from semielements Co. USA. It was of mineral origin and 
was claimed to he of 99 percent purity hy the suppliers. X-ray 
fluorescence analysis of the sample showed no other impurity 
except hafnium (Appendix G). Microscopic examination of the 
coarse grains of around 100 mesh size showed nice transparent 
crystals. 

Sample Preparation for Flotation Experiments : | 

The original sample which was supplied as coarse grains ^ 
of about 100 mesh size, was thoroughly washed with water and i 
then with dilute hydrochloric acid. This was followed by I 

repeated washing. More than 85 percent of the material was in 
the size range -100 to +150 mesh. The sample was stored under 
distilled water. ^ I 

Sample Preparation for Adsorption and Electro kinetic Studies: | 

The original sample was washed thoroughly and groimd 
wet in alimiina pebble mill for mo 3 ?e than 30 hours. It was then 
suspended in 1.5 litres of water in a 2 litre beaker. The 
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fraction wlaich settled in first 10 miniites was taken and the 
rest removed by decantation. The decanted material was fur- 
ther processed to prepare samples for electrophoretic mobility 
measurements while the sedimented fraction was treated with 
dilute hydrochloric acid and then washed repeatedly with redis- 
tilled water. The material was stored imder redistilled water 
in plastic bottles for adsoiption studies. A part of the sam- 
ple was dried in owen at 150^0 and was used for surface area 
measurements by the method using p-nitrophenol as described by 
C.H. Giles (71). The adsorption isotherm was determined and 
from the plateau, surface area was calculated. The surface aiea i 
of the sample was found out to be 2.414 meter /gm as described 
in Appendix C. 

for electrokinetic measurements, the finer fraction remowei 
after 10 minutes settling as described above was further subjectei 
to grinding for a considerable time (20 hours) and then again | 
suspended in 1 . 5 litres of distilled water. The sample which 
remained suspended after one hour was removed as it contained 
colloidal matter. The process was repeated to remove all the 
colloidal matter so that supematent liquid after settling re- [ 

mained clear. ] 

'■ ^ , J; 

I¥-2 fLOTATIOl COlIilCTOR, FROTHER AND MODERATORS: I 

Sodium oleate was used as a collector throughout the 
course of these investigations. 



Oleic Acid; 


Tlie oleic acid was obtained from the Hormel Institute's 
fatty acid project at University of Minnesota, USA. Estimated 
purity was more than 99 percent as determined by gas-liquid 
and thin layer chromatography analysis. Iodine value was found 
out to be 89.9 and diene conjugation 0.03 percent. 

Preparation of Sodium Oleate : 

The procedure followed was similar to that of S.S. 

Kajiji (72). Equivalent amoimts of oleic acid and analytical 
grade sodium hydroxide wexe transferred to a round bottom fla,sk 
and 50 ml of dry absolute alcohol was added, (The ethyl alcohol 
used had been distilled, kept overnight over quicklime and re- 
distilled.) The whole mass was refluxed over a water bath 
for about an hour. Subsequently, excess alcohol was removed 
by evaporation and the syrupy mass was poured hot in acetone 
which had been distilled after keeping overnight with CaCl2. 
Sodium oleate thus pi^ecipitated was filtered and washed with 
acetone. The dried pov;der was stored in a cool, dry place. 
Dowfroth-250 : 

Dov/froth-250 was used as a frother in all the flotation 
experiments. This is a low viscosity liquid readily soluble in 
water and has a general formula CH^“(0“G^Hg)^— (OH) . It is 
effective as a frother even at low concentrations. 
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Other Chemicals : 

Chemicals used for analytical purposes were all of 
analytical gmde. 

Soditim silicate used v/as supplied by Riedel-de haen 
A.O. Germany. The Si02:l’a20 ratio was found out to be 1,0. 

Sodiimi fluoride and sodium fluosilicate were also of 


analytical grade 



CHAPTER V 


EXPERBtEHTAIi RESULTS 

In the present investigation the following systems were 
studied. 

1 . Zircon-ffeter 

2. Zircon-Sodium Oleate 

3. Zircon-Sodium Oleate - HaP 

4. Zircon-Sodium Oleate - HagSiO^ 

5. Zircon-Sodium Oleate - ]ffa 2 SiPg 

The principal variables were pH and collector as well as mode- 
rator concentrations. 

Electrokinetic measurements were done in case of zircon- 
water system in the presence of KOI. In case of zircon-sodium 
oleate system, flotation, adsorption, electrokinetic and infrared 
spectroscopic investigations were carried out. Finally in case 
of systems 3} 4 and 5 flotation, adsorption and electrokinetic 
experiments were performed. 

This chapter contains the results of these investigations 
according to the type of measurement involved along with some 
preliminary discussion. The detailed discussions are to be 
foimd system wise in the subsequent chapters. 
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V-1 FLOTATION BECOYERY RESULTS: 

Most of the flotation experiments were carried out in 
the all glass laboratory flotation cell. The details about 
the cell and the set up have been already described in Sec- 
tion II- 1 (also see Appendix D, Table IX). 

About 25 gms of the zircon sample prepared for the ex^ 
periment were transferred to a 600 ml glass beaker and to it 
was added 350 ml of sodium oleate solution. The final pH was 
recorded after 4 1/2 minutes' conditioning of the pulp. Beckman 
research pH meter was used to measure pH values correct upto 
second place. The conditioned pulp was then transferred to 
the flotation cell and 5 ml of 5 percent (by volume) solution 
of Dowfroth-250 were added and the flotation was carried out 
by passing air from the compressor for about two minutes. The 
concentrates and tailings were collected in enamel trays, dried 
and weighed. Moderators wherever necessary were added with the 
collectors. 

The results so obtained are tabulated in Appendix D. 

Eig. 9 and Table X shows the effect of sodium oleate concentra- 
tion on the flotation recovery of zircon. It is seen that the 
recovery first increases rapidly then remains constant for a 

fairly large additions of sodium oleate and then around sodium 

% ■ ' " ' 

oleate concentration 1.0 x 10“"^ mole/lit it decreases. 




Vs.. 




The effect of pH on the flotation recove 3 :y is shown in 
Fig. 10 for the collector concentrations 3,321 a 10“^ mole/lit, 
1,875 X 10“"^ mole/lit, 3.948 x 10““^ mole/lit and 6.579 x 10“'^ 
mole/lit. The data along with ’flotation acti'\?ity’ to he defined 
at a later stage (Chapter YII) is included in Table XI. 

As the pH is increased from the acidic range the percent 
recoT7ery increases steeply, attains maximum and again falls at 
higher pH values. The pH at which the recoveiy is just nil on 
the acidic side is about the same for all the sodium oleate con- 
centrations studied. The maximum recovery is as expected a fac- 
tion of the collector concentration. In the alkaline range the 
’upper critical pH' that is the pH at which the recovery is just 
zero is different for different collector concentrations. 

The effect of sodium fluoride concentration at constant t 
sodium oleate concentration of 4.934 x 10“^ mole/lit and cons- 
tant pH of 9.7 + 0.05 is shown in Fig. 11 and Table XII. It - 
is seen therefrom, that the recovery first increases at lower I 

concentrations of sodium fluoride then remains fairly constant 

' * 2 ; , , 1 

even upto 8.5 x lO”'' raole/lit (350 mg/l) addition of HaF. Above 

this it seems to decrease. Thus it can be said that at lower 
concentration sodium fluoride acts as an activator and at higher : 
concentrations a very weak depressor. | 

Effect of sodium silicate as moderator was studied for 
constant collector concentration and pH, Three different collec- 
tor concentrations of 6,579 x 10""^ mole/lit, 3.948 x 10“^ mole/lil 
and 2.829x10“'^ mole/lit at final pH 9.1 and 4* 934x10~'^ mole/lit 






EFEECT OF pH ON FLOTATIO^ 
ZIRCON AT VARIOUS SODIUM i 
CONCENTRATIONS 



CONCENTRATION OF NaF [MOLE /LIT x 10^] 

FIGURE 11 EFFECT OF SODIUM FLUORIDE CONCENTRATION ON 
RECOVERY OF. ZIRCON 
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at a constant pH 9.5 have been studied. The results are depicted 
in Fig. 12 and tabulated in Table XIII. At lower concentrations 
of sodium silicate a distinct activation effect is observed. 
However beyond 3.5 x 10~^ mole/lit, tbe usual depo^ssion effect 
is seen. Sodiiim silicate acts as a very good depressor and about 
1.5 X 10“" mole/lit concentration is sufficient to depiess tbe 
flotation appreciably. 

Fig. 13 shows the results of investigations on the effect 
of sodium fluosilicate addition (Table XIV), Sodium ole ate con- 
centra-tions of 6.579x10*“'^ mole/lit, 3.948 x 10"“^ mole/lit and 
2,829 X 10“^ mole/lit were used at a constant pH 9.0 + 0.05. 

In this case also an activation effect at lower concentrations 
of Ha 2 SiFg is observed. The depression occurs as usual, at high 
concentration of ]!la 2 SiFg and around 1.25 x 10”^ mole/lit addi- 
tion is sufficient for complete depression. 

A few experiments were conducted in a Denver Sub-A labo- 
ratory flotation cell taking mineral feed of 100 gms. Hydro- 
fluosilicic acid (H 2 SiFg) and Na 2 SiFg were used as moderating 
reagents. The minerals that were floated included zircon (Travan- 
core) jMonazite (Travancore) and Ilmenite (Travancore) . The ex- 
perimental findings are shown in Figs. 14 and 15. The corres- 
ponding data are given in Tables XV and XVI. These results again 
confirm the activation at low concentrations of both H 2 SiFg and 
l!la 2 SiFg in case of not only zircon of a different variety but 
also of two other minerals monazite, which is a complex rare 
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MONAZITE 7.40x10 MOLE/LiT 9.610.10, 
ILMENITE 6.58 X lO^MOLE/LIT 9.6510.06 
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CONCENTRATION OF Naj,SiFg[MOLE/LlT x 

FIGURE 15 EFFECT OF SODIUM FLUOSILfCATE 
FLOTATION RECOVERY OF SOME Bl 
/ : - MINERALS . 
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earth phosphate and ilmenite (I'eTiO^). 

Thus flotation results on mineral - collector— depressor 
systems studied show 

a. a distinct activation at lower concentration of the 
moderator. This is observed in case of all the moderators 
viz., NaF, SagSiO^, la 2 SiFg and H 2 SiFg, It is not exclusive 
for zircon alone. Two other minerals monazite and ilmenite also 
eahibit the same type of behaviour. Thus any explanation for 
the activation effect observed should be quite general to cover 
all these cases. This aspect will be further discussed in 
details in Chapter VIII, 

b. Depression at higher concentrations of Na 2 SiO^ and 
Ka 2 SiFg which is quite erpected. However, in case of HaF the 
depression is very poor. Discussions on these results will also 
be taken up in Chapter 7III in details. 

V-2: iiDSOKPTION RESTJDTS: 

Adsorption of sodium oleate in the presence of sodium 
fluoride, sodium silicate and sodium silico fluoride on zircon 
was studied. The methods of estimation of different species 
have been already described in details in Chapters II and III., 

Experimental Procedure ; 

The sample prepared for adsorption experiments was 
weighed wet and about 5 gms transferred to bottles. Sodium 
oleate solution tagged with C- 14 ^-active tracer and raoder^ator, 
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if aiiy, were added in requisite quantifies. Total "volume was 
made up to 100 ml. The bottles wei^ then tightly stoppered 
and shaken for about 50 minutes in a shaking machine. After 
that, these were transferred to a themostat maintained at 
30 + 0.1°C by a transistor relSQr and Beckman regulator. The 
contents were allowed to equilibrate for about 5 hours, Pinal 
pH measurements were made after equilibration from the super- 
natent solution. A part of the supematent solution was taken 
for determining the equilibrium concentration of different 
species while the solid, mineral was dried and accurately 
weighed. 

Por sodium oleate estimation, a part of the supematent 
solution was centrifuged for 5 minutes at 1500 EPM, to remove 
any suspended solids and 2 ml of the clear liquid was transferred 
to the planchets for coimting-. The planchets were then carefully 
shifted to an oven maintained at 40°G and the liquid evapomted 
for about 8 hours after which the counting was held immediately. 

In the cases of fluoride and silicon estimations, res- 
pective colorimetric procedures described in Chapter III were 
followed. The resiilts of these investigations are tabulated in 
Appendix E. 

Zircon-Sodium Oleate System : ■ ’ 

Adsorption isotherm of sodium oleate on zircon was deter- 
mined at a constant initial pH of 9'.0and is depicted in Pig, 16 
(Table X7II) , It is seen that the adsosrption first increases 










monolayer coverage 




ISOTHERM OF SO 
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steeply , fhen sbows a, plateau region and at an initial eoncen- 

—5 

t rat ion of 1.0 x 10“ mole/lit the adsorption again shoots up. 

— 1 (1 

The monolayer coverage of Haoleate occurs at 2.913 x 10 mole/ 
2 

cm adsorption as determined hy taking cross sectional area of 
Haoleate as 57 (73). It is shown hy a dotted line in the 

figure. 

Hext, the effect of pH on the adsorption of sodiuimsoleaie 
on zircon was investigated. Most of the investigations were 
made in the pH range of 9 to 10.5 since in this alkaline range 
the sodiiim oleate exists mostly in ionic form, and secondly, 
depression studies are fruitful in the higher alkaline range. 

A word about pH adjustments would be worth-v/h ile , The pH 
adjustment was always done by analytical grade hydrochloric acid 
and sodium hydroxide solutions. The initial pH was kept cons- 
tant in some experiments by adjusting the pH of the solution to 
a fixed value and then adding the solid mineral' to it. Some 
experiments were also done at constant final pH which largely 
depended on the quantity of solid added. Therefore, to main- 
tain the constancy of the final pH was rather a difficult job. 

Ho buffer was used to keep the pH constant as this would intro- 
duce the undesirable additional influence of buffer ions. 

The effect of pH on the adsorption of sodium oleate was 
first studied at diffe 2 ?ent constant sodium oleate concentrations 
of 2. 302 X 10“"^ mole/lit, 3.290 X 10”"^ mole/lit, 4.934 x 10“^ 
mole/lit and 6,579 x 10“^ mole/lit. 
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The results are shovm in lig. 17 and later in lig. 55 
and tabulated In Tables Z7III, IX, XX and TLI, 

In Tig. 17 the effect of pH at constant sodium oleate 
concentration 6.579 x 10~^ moles/lit is shown betv7een pH 5.5 
and 10.5. The beha'viour exhibited is typical of all other 
concentrations of sodium oleate. Bet?/een pH 7 and 10.5 the 
curve resembles a bell- shape showing a maximum at around 
pH 8.35* In acidic region betvreen pH 7 to 5.5 the adsorption 
again increases as the pH is decreased as. shown by the dotted 
offshoot. It is clearly due to the progressive precipitation 
of the oleic acid from the sodium oleate solution. This will 
be more evident from the later discussion on the hydrolysis 
behaviour of the sodium oleate. The bell- shaped nature of the 
curve will also be explained later. 

The effect of temperature on the adsorption of sodium 
oleate vvas also investigated. The temperature ?;as varied at an 
interval of 5*^0 between 25°C to 40°C. Sodium oleate concen- 
tration was maintained constant at 3.289 x 10”^ mole/lit. Three 
initial pH’s were chosen, one in the acidic range at 6.02 the 
second at 8.45 where adsorption is relatively expected to be 
high and the third pH was fixed in the higher alkaline region 
3.t pH 9.55. The experimental behaviour is plotted in Tig. 18 
and tabulated in Table XXII. It is seen that a,t initial pH 
6,02 the a.dsorption increased as the temperature rose from 25*^ C 
to 30°C and then decreased as the temperature is further increased 





ADSORPTION OF SODIUM OLEATE [MOLE/CM 
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upto 40°C. At pH 8.45 also similar TDehaviour v/as witnessed. 

At pH 9.55, iiowe-ver the maximum at 30°C was not pronounced and 
the adsorption smoothly decreased as the temperature was in- 
creased. Thus higher temperature seems to reduce the adsorp- 
tion density. 

Zircon-Ha Oleate - HaF System : 

Adsorption of sodium :fluoride on zircon was investigated. 
The results are plotted in Fig. 19 and tabulated in Table XXIII, 
Initial pH was maintained constant at 9.1 + 9.05. It is seen 
that the adsorption of sodium fluoride on zircon first regis- 
ters a rather sluggish increase upto about initial sodium fluo- 
ride concentration 2.0 x 10 mole/lit after which it increases 
steeply. 

The adsorption of sodium oleate and NaF from the solution 
containing both was studied as a function of HaF concentration. 
The results for constant sodium oleate concentration of 
4.934 X 10“^ mole/lit at constant initial pH 10.3 are plotted 
in Fig. 20 while those for pK 10.5 are depicted in Fig. 21. The 
corresponding data are included in Table XXIV. It will be seen 
from both figures 20 and 21 that as NaF concentration increases 
the adsorption of sodium oleate decreases first slowly and then 
relatively rapidly. On the otherhand iTaF adsorption density 
increases first gradually and then steeply. The nature of the 
adsorption pattern of HaF is the same as that found without 
sodium oleate (Fig. 19). 




INITIAL CONCENTRATION OF SODIUM FLI 

£mole/litxio'^] 

5URE 20 ADSORPTION OF SODIUM OLEA' 
k FLUORIDE ON ZIRCON AT CONS1 

" CONCN OF SODIUM OLEATE 4.934 









INITIAL CONCENTRATION OF SODIUM FLUGRID 

[MOLE/ LIT X 10 'tl 

21 ADSORPTION OF SODIUM OLEATE AND . SO 
FLUORIDE ON ZIRCON AT CONSTANT INITJA 

CONCN OF SODIUM OLEATE 4.934 x lo"* MOLE / 
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Pig. 22 (Table XXV) shows bhe adsoiption of soditm oleate 
and MaP at constant final pH 9.7 ± 0.15. Since one does not have 
a priori control over the final pH such types of measurements 
are moie difficult and hence final pH could be controlled only 
to the extent of + 0,15. As a result, there is more scatter in 
the experimental points. However, the adsorption pattern is 
quite evident. The sodium oleate adsorption first increases 
^i^h increase in NaP concentration upto 1.0 x 10"”^ moles/lit, 
and then starts decreasing gradually while HaP adsorption con- 
"tinnously increases. All these findings will be discussed in 
details in Chapter Till. 

2ircon-Ha Oleate - HapSiO ^ System : 

Adsorption of HagSiO^ on zircon was studied at constant 
initial pH 9,2 + 0.05 and is depicted in Pig, 23 and recorded 
in Table XXVI, Adsorption density of Ha2Si0^ first increases 
sharply terminates into a plateau and then again shoots up. 

Adsorption of sodium oleate and soditim silicate was mea- 
sured from the solution containing both. The results of these 
investigations are given in Pig. 24 for sodium oleate concen- 
tration 3.289 X 10~^ mole/lit and constant initial pH 9.0, in 
Pig. 25 for sodium oleate concentration 3,289 x 10“'^ mole/lit. 
and constant initial pH 9.94 and in Pig. 26 for sodium oleate 
concentration 4,93 x 10“^ mole/lit and constant initial pH 10.0, 
The corresponding data are given in Tables XX7II, XXVIII and 
XXIX. 
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It is seen that at pH 9 (Eig, 24) the oleate adsorption 

remains substantially constant till NagSiO^ concentration of 

—5 

1..7 X 10 mole/lit and then abruptly decreases while that of 
Na2SiO^ first increases rapidly, remains constant and then 
shoots up around 1.7 x 10 mole/lit of Na2Si0j addition. How- 
e-ver, at higher pH 9.94 and 10 (Pigs. 25 and 26) the oleate 
adsorption continuously decreases while that of Ha2Si0^ briskly 
increases and tends to level off at higher amount of Ha2Si0^ 
added. 

The results of sodium oleate and sodium silicate adsorp- 
tion at constant final pH of 9.45 + 0.1 and 9-.85 + 0.1 are shown 
in figures 27 and 28, The corresponding data find place an 
Table XKy, The adsorption of sodiima oleate first increases at 
small additions of Ha2SiO^. But at higher values the adsorption 
of oleate seems to remain substantially constant. Adsoi7)tion 
density of Na2Si0^ as usual continuously increases and levels 
off at higher values of ]Ja2Si0^ concentration. 

All these results will be discussed in details in Chap- 
ter VIII. 

Zircon-Ha Oleate - Hap SiP^ Sysxem : 

Effoirts were made to determine the adsorption of sodium 
oleate and sodium fluo silicate from the solution containing 
both. However, these efforts were met with only partial success 
due to ■ difficulties in analysis. Thus, only adsorption of sodium 
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oleate could le measured. It is sdown in Fig. 29 and lable 
XXXI for constant sodium oleate addition of 4.93 x lO"^ mole /I it 
at constant initial pH 9.0. Tbe adsorption density decreased 
viTith increasing fluosilicate addition. 

IHe detailed discussion of these experimental findings is 
taken up in the following chapters, 

¥-3 ELEGlROXmElIC MEASHEEMMf S: 

Electrophoretic mobility measurements were carried on zir- 
con suspensions in different aqueous solutions. The sample pre- 
paration has been already described in Chapter IV. 25 ml of 
the prepared suspension of zircon was taken in plastic beakers 
and different solutions were added in requisite quantities. The 
total volume was made upto 125 ml. The contents of the beaker 
were then stirred with a magnetic stirrer encased in teflon for 
about 20 minutes. At the end of this period, final pH measure- 
ments were done. Conductivity of the suspension which is re- 
quired for the calculation of electropho3?etic mobility, wa.s 
measured. The suspension was then filled in the collection 
chamber, and the whole assembly was weighed. It was then fixed 
in reservoir which contained rest of the suspension. The whole 
cell assembly was then fixed to the motor which rotated it at 
a speed of 30 rpm, and the zircon was kept in a state of suspen- 
sion during the course of the experiment. How, fixed current 
of 2-5 mA was applied and mass transport in the cell under the 
d.c. potential so applied, was allowed to take place for about 
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10 to 15 minutes. The contents of the collection chamber were 
weighed at the end of the experiment to find out weight gain 
or loss. 

The density ^alue of the solid to be used for mobility 
calculations v.'as foxmd out to be 4.456 The total 

solid content of the suspension were around 2-2,5 gms. and 
the change in weight generally ranged between 100-600 mg. 

The zeta potential was calculated with the help of Eqn. (II.9). 

Zircon - Water System ; 

The electrophoretic mobility of zircon in water at diffe- 
rent pH values was measured imder the conditions of variable 
total ionic concentration. Also, similar measurements were 
done at constant ionic stirength so maintained by the addition 
of KGl. The results are given in Tables XXXII and XXXIII and 
the zeta potential plotted in Fig. 50. It is seen that in case 
of variable total concentration as well as concentrations of 
1.0 X 10“^ mole/lit and 5.0 x 10“^ mole /lit of XCl, the zeta 
potential remains negative over the entire pH range. In the 
alkaline range, it seems to merge into one line at appropriate 
points. The negative values of zeta potentials over the entire 
range are rather unusual for the systems in which H**” and OH act 
as potential detemining ions. This interesting result will be 
further discussed in Chapter ¥1, 
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The effect of KOI concentration on the zeta potential 
of zircon is shown in Eig. 31 and Table X2XIV. As the concen- 
tration is increased, the zeta potential values become more and 
more negative. The pH was maintained at 6,5. 

Zircon-Ha Ole ate - Moderator System : 

Effect of HaE, Ha 2 SiO^ and Ha^SiEg addition on zircon 
was studied. Eig. 32 shows the effect due to HaE at constant 
final pH 9.0 + 0.05* The negative zeta-potent ial first increases 
numerically in a gradual manner and then shoots up. It seems to 
level off at still higher concentration of HaE. The data is 
included in Table XXX7. Effect of sodium silicate is shown in 
Eig. 33 and Table XXXfI. Here also the negative zeta potential' 
numerically increases with Ha 2 SiO^ concentration. At higher values 
it seems to decrease. The pH was maintained constant at 9.0. 
Similarly, Eig. 34 depicts the effect of Ha 2 SiEg on the zeta 
potential of zircon at constant final pH 9.0. The correspond- 
ing data are included in Table 

The effect of sodium oleate concentration on the zeta 
potential of zircon was studied at two constant final pH values 
9.0 and 9.95. The resxilts are shown in Eigs. 35 and 36 and 
Tables XSIEIII and XXXIX. In Eig. 35 is ^own the results at 

-3 

both the above pH values upto Ha oleate concentration of 1,0 x 10 
whereas the Eig. 36 shows the data at pH 9 upto the concentra- 
tion 2.5 X 10”^ mole/lit. on a compressed scale. It is seen 
from Eig. 35 that the magnitude of negative zeta potential 
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increases and gradually tends to level off at higber concentra- 
tions of sodiuia oleate. Tbe data when replotted on a compressed 
scale as sbovm in Pig, 36 gives three distinct regions represented 

by three straight lines. In the first region the negative value 

-4 

of zeta potential increases rather steeply, At around 4.0 x 10 
fflole/lit. the slope is decreased and the value now increases 
rather slowly. However, at a concentration of 1 x 10 mole/lit. 
there is a. sharp decrease thus representing the third region. 

Phis might be perhaps explained in terms of hemimicelle concept 
of D.¥. Puerstenau (74) and critical micelle concentration (cmc). 
The first change in slope may correspond to formation of hemimi- 
celle on the surface and the: .second change to the formation of 
micelle in the bulk of the solution as vrell as formation of 
second layer. Effect of pH on the zeta potential of zircon at 
constant sodium oleate addition of 1.97 x 10~'^ mole/lit, 4.11x10”^ 
mole/lit. and 6.58x10"^ mole/lit has been shown in Pig, 62 (and 
Table XL) in Chapter VII where it is considered to be appropriate. 

The role of moderator addition in the presence of sodium 
oleate was also studied at constant pH values and collector addi- 
tions. 

Effect of HaP additibhs on the zeta potential at constant 
sodium oleate concentration 6,579 x 10~^ mole/lit and constant 
initial pH 9»0 as also at sodium oleate concentration 4.934x10 ^ 
mole/lit. and constant final pH 9»70 are shown in Pig. 37 and 


Table XLI. 
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Similarly results with sodium silicate at sodium oleate 
concentration 6.58 x 10“^ mole/lit. and constant final pH 9,0 
as well as at sodium oleate concentration 4.934 x 10“'*^ mole /lit. 
end constant final pH 9,5 are shown in I*ig. 38 and tahiiLated in 
Table XLII. 

Table XLIII and Pig, 39 contain the results of the ini^es- 
tigations on HagSiP^ as moderator. With sodium oleate concen- 
tration at 3.948 X 10“'^ mole/lit at constant final pH 9,00 and 
sodium oleate concentration of 6.579 x 10““^ mole/lit. at cons- 
tant final pH 9.06. 

All these results will be discussed in Chapter YIII, 

Y-4: OTHAREb SPECTRA: 

Infrared spectroscopic in'^estigations were carried out 
to know the nature of adsorbed species. Since the quantity of 
the adsorbed species if any? is alv/ays veiy small, a large surface 
area should be available. Therefore, the zircon sample for in- 
frared studies was made veiy fine. The particle size was in sub- 
micron range. The spectra of the solid samples vrere recorded 
in KBr pellet. I.R. grade KBr was used for this pimpose. It 
was heated a.t 110°C to remove any free moisture. 200 mg of this 
were then taken in an agate mortar and to it was added 1 -2 mg of 
zircon with or without adsorbed collector. Thus the experimental 
solid in the KBr matrix was around one percent. The two were 
then intimately mixed and pressed into a vacuum die at 12000 lbs 
pressure for 5 minutes, at the end of which a transparent pellet 
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of 16 mm. diameter was obtained, fhis was then directly used to 
record spectra on Perkin-Elmer 521 double beam infrared ^ectro- 
scope using NaGl optics, fbe region between 400-4000 cm“ was 
scanned. The frequency assignments of bands is given in Table 
XLI?, Appendix 0. 

The spectra of zircon is shown in Pig. 40. It is seen that 
_ -1 

between 3000 - 1400 cm there is no absoipjtion peaks. As will 
be discussed later, this is quite desirable because the intense 
peaks of oleate species at the surface, if any, axe expected to 
fall in this region. 

The spectra of oleic acid is recorded by pasting a small 
quantity of oleic acid at the NaCl window. It is shown in Pig. 41* 
Since la oleate is a solid, its spectra was recorded in a KBr 
matrix and is shown in Eig. 42.. 

For recording the spectra of the adsorbed species, the 
fine size zircon sample was equilibrated with sodium oleate solu- 
tion of different concentration for 2 hours. Then it was centri- 
fuged to separate the solid and the supematent liquid removed. 

The solid material was then taken out and quickly washed with 
5-10 ml. of distilled water to remove any sodium oleate tha,t might 
be sticking. The solid zircon on which sodium oleate is adsorbed 
is then dried in an oven at 80°C for 12 hours. Since the vapor 
pressure of sodium oleate is quite low it is not expected to eva- 
porate at this temperature. The spectra were then recorded in EBr 
matrix between 1200-5500 cm .These are shown in Fig. 43 for diffe- 
rent sodium oleate concentrations. A detailed discussion follows 
in Chapter YII. 




FIGURE 40 INFRARED SPECTRA OF ZlRGON 
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CHAPTER YI 


DISCTJSSIOH OE RESULTS - I : ZIRCOH-WATER ST STEM 

Prior to the discussions on the experimental data a brief 
reference about the electrical double layer v/ould be worthwhile, 

YI-1 THE EIECTRICili; DOUBLE LAYER: 

The distribution of ions in the vicinity of the solid-liquid 
interface gives rise to what is generally known as the electrical 
double layer. It consists of tv/o parts. One in immediate con- 
tact of the solid is called the fixed part of the double layer 
while the other which extends quite a bit in the liquid bulk 
phase is called the diffuse part of the double layer. The des- 
cription of this double layer is generally given in terms of 
the models of Goi^ and Chapman as v/ell as tha.t of Stem and 
Grahame (75). A schematic model of the double layer is given 
in Eig. 44. 

According to Stem-Grahame model, , ^ 

-W./kT 

n^ = 2 o ^ 

where, 

• r - radius of the unhydrated ion 

2 

n. - number of ions/ cm in the inner Helmholtz plane 

n^ - number of lons/m.'^ in the bulk, 

and — work of adsorption of ions from the bulk "to the 

inner Helmholtz plane. 





it* 

kWM 

kmm 

l'k’40i0 
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Splitting this work term into conl-amhic and nonco-ulnmbic terms 


we get , 



Z e + Wg 


(VI. 2) 


where 

— potential at the inner Helmnoltz plane 
e - electronic charge 

Z - valency of the ion adsorbed 

The first term in the above equation represents the 
coulumbic contribution to the total work. 

w^ - represents the contribution due to chemical 

forces between ion and the surface of the solid 
w^ - arises due to van der Waal's interaction between 
the hydrocarbon chains of the adsorbed ions. 

Accordingly, a negative ion may still adsorb on a nega^ 
tlvely charged earlaoe if the chemical and ^an der Waal's forces 
out weigh the coulumbic electrical repulsion. 

Zero Point of Charge : 

In case of most of the oxygen hearing minerals and 
solids, hydrogen and hydroxyl ions are potential detemtaing, 

Ihe overall reaction in such cases may he adequately represented 

ty 

+ 2H‘^ = 


Hegative 

surface 

site 


Positive 

surface 

site 


(VI. 3) 
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so tbat , 

k° = Ca% / a®_) (V1.4) 

wtoere , 

- surfa.ce equilibrium constant 

a® and a® - activity of the positive and negative 

, + — ■ ■ 

surface site s re spe ct ively . 

and a - activity of the protons in solution. 

A particular activity a^^^^ , yields a condition kno^n as zero 
point of charge for which a®^ / a®_ is equal to unity. Zero 
point of charge is an important parameter characteristing the 

double layer of the ^stem. 

The value of the zero point of charge (zpc) for any sub- 
stance is characterised by the mode of sample preparation, its 
history and the method of determina.tion. This is vsiiy widely 
divergent values of zpc are reported for the same substance. 

It is, therefore, necessary to realise that the zpc is charac- 
teristic of the system under investigation rather than of the 
substance as such, 

11-2 STRUCTIiRAl MD AQUEOUS CHEMISTRY OF ZIRCOH: 

Towards tasderstanding the surface properties Oj. zircon, 
a knowledge of its ciystal chemistry and its aqueous behaviour 


is very helpful. 
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Gi^ystal Ghemistiy : 

True zircon has a chemical composition corresponding to 
the fomulae ZrOg'SiOg or ZrSiO^. iny one of these representa- 
tions is a matter of preference. Hov/ever, none of these is 
fairly adequate as the former con’veys an unwairranted implica- 
tion that the Zr 02 and SiOg ha've independent compound status 
whereas the latter implies that the oxygen atoms are more es- 
pecially associated with silicon than with zirconium. 

Zircon is tetragonal and has the ^ymmetiy of space group 
4D^ - 19 The crystal structure of zircon has been inves- 

tigated by several workers (76,77,78) and is shown in Fig. 45. 
The lattice parameters of zircon according to most recent mea- 
surements (78) are a = 6.616 £ and c = 6,015 £. The unit cell 
consists of four molecules of ZrSiO^ and the tetrahedron is 
somewhat distorted. The Zr-0 bond length is reported to be 
2,05 i and Si-0 1.62 i. Huckel (79) has stressed that the 
silica tetrahedra have no point of contact with each other and 
there is no SiO^”^ orthosilicate anion. 

Bluementhal (80) pictures zircon as consisting of series 
of chains of the structure shown in Fig. 46 (a). Each succes- 
sive pair of oxygen atoms is arranged transverse to previous 
pair. The structure is bonded in three dimensions by coordi- 
nate covalencies acting between zirconium atom of one chain and 
oxygen atoms of a neighbouring chain. Thus the entire ciystal 
is held together by valency forces. 
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The percentage ionic character P of the hond is given 
by the impirical relation due to Pauling (81). 

P = 16 |\-Xgl + 3.5 (TI.8) 

where and Xg are the measure of the electronegativity of 
the atoms A and B forming the bond. The percentage ionic 
character on this basis is calculated to be 48.935 for Zr-O 
bond and 36.915 for the Si— 0 bond. Thus Zr-0 bond has more 
ionic character than the Si— 0 bond. 

Aq.ueous Chemistry of Zircon : 

• When powdered zircon is brought in contact with water 
at different pH values it invariably interacts with h"*" and 0H~ 
ions to produce a number of complex species involving Zr and 
Si. These species may either remain at the surface are get 
dissolved in aqueous bulk phase. 

The following reactions represent the ma^or ionic equi- 
libria involved in the system. 


ZrSiO^ + 4 H 2 O v==^ Zr (OH)^ + Si(OH)^ 



■m, 

H4 ZrO^ 

+ BiO^ 


■ ■■ ■ 

■■ 

Zr0o*2H, 

ti c 

)0 + Si02*2H20 

(VI. 9 ) 

H4 SiO^ 


H2 SiO^ 

+ H2O 

(VI. 10 ) 

Hg SiO^ 


H . SiO^ 

+ 

(VI. 11 ) 

H SiO^" 


Si03= 

+ 

‘ (VI. 12 ) 

H4 

— \ 

H2 ZrO^ 

+ H2O 

(VI. 13 ) 

H2 2rO^ 


H ZrO^" 

+ h'*' 

(VI. 14 ) 

H ZrO^ + 3 H‘^ 

=*'■ 

ZrO"^ 

+ 2H2O 

(VI. 15 ) 

ZrO'*’"^ + 2E*' 


Zr^"** 

+ HgO 

(VI, 16 ) 
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The tlaerniod 3 mamic data e,g. A ^ A where Ah ^ is 

the standard heat of formation, A S° ^ Standard entropy of for- 
mation and A G°^ is the standard free energy of formation, are 
given in Appendix B (Table VI) for different ionic species. The 
free energy of formation of ZrSiO^ has been caicnlated by 
indirect method and is included in Appendix B. The free energy 
change of different inactions along with the equilibrium cons- 
tants have been also included an Appendix B (Table VII). 

7/ith the help of these data an attempt was made to cal- 
culate the pH- con cent mt ion a^elation ships for various species. 
However, the values obtained were inconsistent and unrealistic. 
It may be due to unreliable data. Hevertheless, it may be men- 
tioned here that H^ SiO^ is the predominant species upto pH 10. 
Between pH 10 to 12 H Si 03 ' is the predominant species whereas 
above pH 12 SiO* is more abundant. Similarly, m case of 
zirconium species Zr*^"^ is found abundantly only below pH 1. 

ZrO"^"^ is predominant upto pH 6.65 and H ZrO^" is predominant 
above that pH. However, the actual concentrations of all 
these species would depend on the extent of reaction (VI. 9). 
prom Table VII (Appendix B) , it will be seen that the equili- 
brium constant for the above reaction is 10'®"^ which means that 
the actual concentrations of the species would be negligible, 
nevertheless, excessive grinding would largely determine the 
values of the actual concentrations of the species derived from 

m. 

zircon in aqueous bulk phase. 
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■VI_5 ZIRCOMAIER STSTM: EIECTR0KIKJI5) IC BEHAVIOUR: 

lUe experimental resuLts of the electrophoretic mobility 
measurements ( 7 /heretn the effect of pH and ionic strength of 
the electrolyte (KCir) ha’ve been studied e.g. Eigs. 30 and 31) 
reveal that : 

i) In the alkaline range negative electrophoretic mobility 
(or negative zeta potential) is obtained. It increases nxane- 
rically as the pH is increased. 

ii) Between pH 5-8, the zeta potential-pH curves show a 
broad minima but zeta potential is still negative. 

iii) in acidic pH below 5 the zeta potential is still nega- 
tive and goes on increasing with decrease in pH. 

iy) It was not possible to locate with the present 

sample as there is no charge reversal. 

v) With increasing total ionic concentration the mobility 

increased numerically and was more and more negative at all 
pH values studied. 

Yx) Curves for all the concentrations of KCl merge into one 
at some pH values indicating that the zeta potential is solely 
governed by 0H“ ions at higher alkaline pH. 

Discussion of Results : 

Ihe ooouirenoe of negative zeta potential in the aoidio 
range is rather unusual hut hy no means unprecedented for the 
oxide or silicate systems. 
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5'or example H.F. Holmes et. al. (82) observed duriiig 
their studies on the electrokinetic properties of Th 02 that 
the sample fired at lower temperatures upto 1000*^0 showed both 
+ ve and - ve seta potential in appropriate pH ranges, whereas 
the sample fired at 1600°C did not show + ve potential at all. 
This was also observed to be the case for sintered oxides by 
O'Connor (83) who ascribed the behaviour to the basic dissocia- 
tion of surface hydroxyl group, 

O'Connor and Buchanan (84) further investigated th^ee 
samples of Sn02. One of them showed only -ve potentials. The 
same authors reported that initial + ve electrokinetic potential 
of alimiina could be changed to -ve by ignition above 1000°C and 
then back to positive by grinding. Street (85) found that while 
the powdered specimens of ^nthetic sapphire exhibited zpc, 
bulk specimens tested with radial flow method did not, Zukov,I.l. 
and Kryukov A. A. (86) also failed to locate zpc on their alumina 
sample, 

T.¥. Healy and V.R. Jellet (87) in their studies on ZnO 
reported only negative zeta potentials over the entire pH' range 
studied. Their curves were similar to those in the present 
studies showing a minima. They interpreted this in terms of the 
adsorption of the hydroxy complexes on the surface. 

Buchanan and Heymann (88) found that the intrinsic poten- 
tial of both natural and i^the tic samples of barium sulphate 
was always positive. These authors suggested that the positive 
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surface charge of BaSO^ is due to preferential release of S0^“^ 
ions from the crystal lattice, 

D,J. O'Connor (89) studied the electrical surface pro- 
perties of natural scheelite (Ca\70^) in aqLueous medium. It 
showed a -ve zet a potential for entire pH range. This was 

attributed to the preferential release of Ga ions and pre- 

2 

ferential adsorption of ¥0^ ions from the double layer. Simi- 
lar behaviour was reported recently by M.C, Buerstenau et. al.(9o) 
for scheelite. 

All the above examples establish beyond doubt the depen- 
dence of zeta potential on size, sample preparation, pH and 
electrolyte concentration. It is immediately realised that 

■i) apart from H"*” and OS" ions there may be other potential 
determining ions e.g. Zr^*^, ZrO"'***’, SiO^“^, SiO^"^^, Cl" etc, in 
case of zircon. 

ii) The oxide or silicate may be soluble in the form of diffe- 
rent complexes and there may be preferential dissolution of some 
ions from the lattice. This means that the crystal structure, 
breakage characteristics and sample preparation are Important 
in determining the surface characteristics. 

It is, therefore, worth while to examine the present as- 


tern in all these aspects 
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Possible Breakage Characteristics of Zircon : 

The ciystal chemistry of zircon is already discussed in 
Section YI-2. As is clear from Pig. 45 each atom of Zr is 
surrounded by 8 oxygen atoms four of which are at a distance of, 
2.15 & while the remaining four atoms are at a distance 2.29 
The silicon atom on the other hand is su 2 ?rounded by the four 
oxygen atoms only to form a somewhat distorted tetrahedron. 

"When a solid is subjected to grinding it will break in 
such a manner that the weakest link in the whole crystal will 
be mostly broken. This is not to suggest that other bonds do 
not break at all but the probability will be much less. Therefore, 
the factors that would be responsible for the type of surface 
produced when ground are a) bond strength b) coordination num- 
ber of the cations c) ionic character of the bond d) polarisa- 
hility v/hich would help the bonds distort without breaking and 
in wet grinding e) hydration energy of the ions which may sub- 
sei^uently pass into solution. The effect of solvent media on 
grinding is v/ell known. 

According to A. S. Joy et al. (29), non- frame work sili- 
cates would tend to break in such a way that the silicate or 
polysilicate groupings are preserved as far as possible. The 
breakage of zircon which is a non— frame work ortho silicate is 
expected to present surfaces in which cations (Zr^"*") would be 
exposed as high energy sites. These may subsequently get hydro- 
lysed in contact with water. 
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Also Si— 0 "bond is more co'valen't ilian Zr— 0 "bond as sur 
mised from their percent ionic character. Since, covalent bond 
is stronger, the Zi^O bond is expected to bread: in preference 
to Si-0 bond. In teims of Pauling's (81) electrostatic bond 
strength also, Zi^-O is more like-ly to break in preference to 
Si-0 bond. Thirdly, SiO^ tetrahedra is more polarisable and can 
resist breakage by considerable distortion. Therefore, assuming 
that only Zr-O bonds are broken, we have the follov«ing possibi- 
lities as regards the type of sites that will be e:eposed at the 
surface following Bluementhal ’ s simple chain description of the 
zircon structure. 


0 


^0‘ 


“T-x 


.. 0 . 


i) 


,-Si 


Corresponding Zr site is 


Zr 




O-”^ '0" 

Herein two Zr— 0 bonds are broken. 
0 ... ^- 0 " 


+ ' 


ii) 


s 

'Zr 


lere only one Zr — 0 Dond is broken. 

0 ^ ''-0 

a addition ions =iay pass into tulk pdase' after detach- 
ing from the surface. Thus, it will he seen from the ahowe breaJc 
age scheme that exposed zircon surface carries uncompensated 
negative charges of value -1/2 *U-e the uncompensated positive 
charges are + 1/2, + 1 atid in some cases + 3/2. However, the 
preferential dissolution of zirconium ions into the aqueous hulh 
phase would leave on the zircon surface a net negative charge. 
Ihis may happen under conditions of severe wet grinding. 



105 


In aciuGous surroundings tiie abo've sites would "be invari 
ably hydrolysed as follows: 



— Zr ... + + OH - - Zr OH 


T7) Zr"^^ + 4 OH" - 2r(0H)^ 

Some more hydrolysis schemes of minor significance may also be 
written. 

Chlorohydrosy Complexes of Zirconium : 


Various 
reported. Eor 
plexes such as 
ZrOOH**", Zr02Cl 


chlorohydroxy 
example , Adol 
Zr(OH)^ ZrO"^^ 
etc. under 


complexes of zirconium hawe been 
f and Pauli (91) tiavc suggested com- 
, Zr(OH)^ CI 2 j SrO"^ , ZrgO^ , 
various conditions of pH end soluble 


Z 2 ?-Salt. In view of the divergent claims, it is difficult to 
know the nature of the actual species existing. However, it is 
evident that zirconium almost iLivariably remains as a hydrolysed 
species, probably Zr(OH)^. Pollowing Hildebrand (92), we assume 
the hydrolysed zirconium to be amphoteric in nature, so that both 
acidic and basic behaviour may l?e exhibited, hovf ci ions may 
attach themselves to hydrolysed zirconium on the surface either by 
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replacing OH” ions or by loose adsorption or tbrougb coordinate 
co'valencies by donating its one electron to the central zirco- 
ninm ion. 

About Hydrolysed silicon sites also it may be safely assumed 
tbat it acts as a Bronsted acidic site. Tbis is because of tbe 
•jt-bonding interaction between tbe unshared electrons on tbe osy- 
gen atom and an empty d-orbital on tbe silicon atom. The result- 
ing drift of electrons away from tbe oxygen results in the posi- 
tive character of tbe hydrogen as shown in Fig. 46(b). Thus 
Si — OH may dissociate to give negative sites as follows: 

mim * 4 “ 

3j[— Qjj Si— ~0 4- H • 

Exnlanation of the Anomalous Behaviour of 

With the infomation given in the previous paragraphs it 
is now possible to give a reasonable explanation of the anomalous 
negative zeta potential of zircon in the acidic pH range: 

a) The fact that the charge on the surface never comes down- 

to zero dr becomes positive, strongly suggests that Zr is pre- 
ferentially removed from the solid surface in the form of cation 
or some complex into the aq.ueous phase by severe grinding and 
subsequent hydration. This leaves the surface negatively charged. 

The presence of zirconium . species in the aqueous grinding 
media has been qualitatively confirmed by Alisarin-red-S dye 
u^diich developes rose red laice with zirconium salts. 
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Td) In order to explain the negative charge in the acidic pH 

range the acidic site postnlate’ may he proposed, as was done hy 
O’Connor (84). Thus, 

Si — OH Si — 0“ + H'^ 

With similar dissociation for Zr — OH site also we have negatively 
charged zircon surface. 

However, the above scheme implies that as the hydrogen 
ion concentration is increased i.e. pH is decreased the number 
of negative Si-0“ sites would also decrease since the equili- 
brium would be shifted towards left. However, in case of zir- 
con the negative value of zeta potential increases numerically 
with decrease in pH in acidic range. This together with the 
fact that the negative zeta potential increases numerically with 
KCl concentration strongly suggests that Cl ions get adsorbed 
on the surface to make it more and more negative. 

It is, therefore, proposed that the following type of 
Cl“ ion adsorption at the silica sites taJces place, 

4 + 

3j_ 0 H ... Cl. 

This is possible because of the drift of electrons towards 
Si as depicted in lig. 46(b), thus leaving H some what positive 
which then can act as an absolution site for negative chloride 

' ions. 

Also negatively charged chlorohydroxy complexes of zlr- 
oonlnm or some loosely hound adsorbed 01" aggregate i»lth hydrated 
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zirconi-um sites would ini/ariably contribute to the negatiTre 
charge. Ibe adsorbed Cl~ ions coming from the added KOI or 
HCl (which lowers pH) molecules v/ould enhance the nimierical 
value of negative zeta potential. 

To summarise, preferential dissolution of 2r atoms from 
the surface and specific adsoi^ption of Gl~ ions on a suitable site 
account for the observed eleetrokinetic behaviour of zircon. 

General Discussion of the Anemalous Ele ct rokinet ic Behaviour 
in Oxygen Bearing Solids : 

It has been seen that the anomalous pH vs. zeta potential 
curves of oxides and other oxygen bearing solids fall mainly 
into two categories as depicted ideally in Fig. 47(a) and (b). 

Ihe first type shows a gradual decrease in the nimierical 
value of negative potential with decrease in pH without showing 
minima. Alumina, !rh02 Sapphire, Sn02 belong to these categories. 

The second type, however, passes through a minima as the 
pH is decreased and then registers a stiff increase as the pH 
is further decreased. ZnO, Scheelite (CaWO^) and zircon fall 
in this category. 

It will be seen that the postulate of amphoteric nature 
of metal hydroxides at the surface showing both acidic and basic 
character in appropriate pH ranges is sufficient to account for 
the behaviour observed in former case. Whereas to explain the 
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second type of behaviour it is not enough. Hence, preferential 
adsorption of the complexes fonned in the ’bulk and preferential 
dissolution of one ion from the surface lattice into the aque- 
ous phase were given as the probable causes to account for the 
experimental behaviour. 



CHAPTER YII 


DISCUSSION OE RESULTS- II ZIRCON-SODIUlf PLEATS SYSTEM 

The results of experimental investigations on the flota- 
tion, adsorption, electrophoretic mobility measurements and 
infrared spectra have been already given in Chapter Y. In this 
chapter, we take up the detailed discussion of the results on 
zircon-sodium ole ate system, 

YII-1 pH-DEPENIENCE OF ILOTATION RESPONSE; 

The effect of pH on the flotation recovery of zircon for 
various constant collector concentrations has been shown already 
in Pig. 10. 

In anionic collector-mineral^ ^stem at constant collector 
concentration, such as zircon— sodium oleate, the variation of 
flotation recovery with pH, is in general represented by a bell- 
shaped curve with sha.rp maximum at lower concentrations and a 
flat plateau at relatively higher concentrations of the collector 
This behaviour is evidently due to the varying conditions of 
the mineral surface with pH, and variation of relative amounts 
of the ionic species and non ionic species derived from the 
collector on the mineral surface* 

For example, for oxygen bearing minerals such as oxides, 
silicates etc. the and 0H~ ions are potential determining 
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along with others which may be derived from the mineral surface. 

The actual condition of the mineral surface is thus a function 
of pH. This aspect has been already discussed in case of zircon 
in Chapter VI. 

The different collector species that may exist also de- 
pend very much on pH, In case of sodium oleate, this variation 
is discussed in section VII-2, 

Thus the whole flotation system is quite complex and 
involves an interplay of the surface condition of the mineral 
and ionic condition of the aqueous bulk phase. Added to this 
are the mechanical factors. Hence, it is very difficult to 
attempt the quantitative explanation of the pH-percent recovery 
curves in analytical fashion. It is surprising that till todate 
no quantitative equations are given for the pH vs. percent reco- 
very curves though they are invariably the first to be deter- 
mined for any flotation system. As a first attempt we present 
an essentially semi-empirical model which is based on a similar 
model proposed by P.D. Cratin (95) to characterise pH dependence 
of interfacial tension of Asphaltenes, Resins and enzyme activity. 
Cratin observed that many interfacial properties have optimum 
magnitudes at intermediate pH and this is due to adverse effects 
exerted by the species which are predominant at extreme pH values. 
A similar phenomenon might exist in the flotation system. 
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Mathematical formulation : 

let us first define a term ’flotation Acti'vity'. If E.q 
is the maximum percent reco-veiy and is the percent reco-veiy at 
any other pH, then flotation activity is defined hy the ratio 
R^/R^ which is the percent recovery expressed as a fraction of 

the maximum recovery. 

It is quite evident that 


R^/Rq = 1 when R^ = R^ 

, (¥ 11 . 1 ) 

and 

p /E_ =0 when R^ = 0 

n o 1 

Thus the value of flotation activity a^ would always lie between 
0 and 1 . 

Physicochemical basis of the role of pH may be described 
with the help of the following schemes; one for the region 
before the maximum on acidic side and the other for the alkaline 
region beyond the maximum. Thus, 


for acidic region we have, 

I 


HOI + OH' 


01" t 

01 " 

W 


for which we may write 
[HOI] [Oir 
[ 01 -]„ 


K. 


HgO 


(¥ 11 . 2 ) 


(¥ 11 . 3 ) 
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where HOI ^represents oleic acid and M represents the mineral 
surface . 

I HOI] , COH~ ]/[01~l _ 3?epresent concentrations of the 

s 

respective species, the subscript s being used to denote the 
concentration at the surface. 

Since the overall reaction (VII-2) involves adsorption 
process depicted by step II, the constant is not a true equi- 
librium constant but it is some empirical constant and to this 
extent empiricism is involved in the present model. It will be 
seen that may be a function of sodium oleate concentration 
added. 

Similarly, for alkaline region the role of pH can be 
brought out with the help of the following ion exchange type 
reaction, 

If]- OH + 01" ^ Ml - 01" + OH" (VII. 4) 

so that*, 

lOH"] [01"1, 

K = — ^ (VII. 5) 

° COl"]^ {0H"]g 

■ How since the surface is always thoroughly hydrolysed 

it is assumed that [OH" r is' fairly large and can be taken 

s 

as constant for particular oleate concentration. This together 

' I- — ■ ■■. — . 1. — — 

♦ In the present model the equations VII, 3 and VII, 5 are anolagous 
to mass law equation. However, the analogy need not be carried 
any further and no thermodynamic significance be attached to the 
constants as was claimed originally by Cratin (95).' 
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with the equation. 


nri IOH"3 


= = K„ 


giwes, 


[ 01 " 3 ^ 1^3 
[01"3 „ 


(f II.6) 


Here again, K, Is not a true ednllltrlm constant and Is Inva- 
rlably a function of the collector concentration added. 

How, the reaction represented by equation (Til. 2) indi- 
cates that as the pH is increased the step I proceeds more and 
more towards right thus glwlng more of oleate ions as a result 
of hydrolysis. Since oleate ion is an active species which 
gets adsorbed on the mineral surface, the adsorption of oleate 
and hence flotation would also increase . Thus, we may say that 
for a constant collector addition more of oleate ions or less 
of HOI would be helpful in having more flotation. In other 
words, the amount of HOI present (or its fraction) cen he taien 
as an index of the corresponding decrease in flotation activity. 

Similarly reaction (¥11. +) clearly brings out the oompe- 
titiwe role of OH" ions in the alkaline region. 

We are now to a position to descriho the flotation beha- 
viour With variation in pH with the help of equations (VII. 1), 
(VII. 5) and (VII. 6). • 

The flotation activity increases with the adsorption 

of oleate ions on the mineral surface. Thus to acidic region as 
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shovm in equation (YII.2) more of HOI would mean decrease in 
flotation. Hence decrease in flotation actiT7ity in acidic 
region may be assumed to be proportional to I HOI 3 , Similarly, 
in alkaline region, decrea.se in flotation acti'^ity is propor- 
tional to t OH” 1 , Alternatively j by virtue of tbe exchange re- 
action we may say that the more the ionic oleate concentration 
in the aqueous bulk phase left after equilibration i.e. .[01”]:^^ 
the less is the flotation activity. The last statement does 
not contradict the fact that the flotation recovery increases 
with increase in initial oleate concentration. It merely states 
that for' the same collector addition, increa.ssd residual oleate 
concentration signifies less adsorption on the solid surface 
and hence less flotation recovery. In view of the exchange 
reaction (VII. 4), the residual or bulk sodium oleate concentra- 
tion is just a measure of the depression caused by the hydroxyl 
ions in reality. 

But for these two factors namely the increasing [HOH 
as pH is lowered in acidic range and OH” ion depression as mani- 
fested by increased £01” the flotation activity might have 
been ideally unity. Therefore, we may write, 

V^o = ^ '>l'l 

= 1 _ (a° (VII. 7) 

assuming that individual effects are additive. 

In the above equation, d and d are the coefficients 
representing the capacity of the HOI and 01”^.^ ^^^.^ ^ re^ectively 
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to affect tlie flotation activity and f° and f^ are fractions 
of HOI and respectively. In equation (VII. 7) fractions 

ha-ve "been used instead of the a.ctual concentrations he cause it 
is not possihlo to know the actual concentrations of the diffe- 
rent species in a flotation experiment. 

Now, we proceed to express the fractions as a function 
of proton concentration which is Imown from pH measurements. 

By mass balance on oleate we have, 

S = IHOI] + ^01"]^ + f01“1g (VII. 8) 

where S is the concentration of added sodium oleate, fhus, 
f [ HOI ] / S 

(VII. 9) 

and f^ = t 01 " 3 ^/S 

By virtue of equations (VII. 3) and (VII. 6) we get, 

K, [01" 3^ K 101"]^ 

S = _2 § + 2 + [01" 3 (VII, 10) 

£0H"3 EH'^3 

or , 

s = [01"3 J ^ ! (ra.li) 

^ H 

Hence , 

[H013 

fC = 

101" 3 

or using equation (VII, 3) and rearranging we get, 
c 

■J + , 5^ 


.r + 1 i 

E'*' 3 ^ 


(VII. 12) 
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Similarly 




[ 01 1 


i' ^ . i 


or -using equation (YII.6) we get, 




(VII. 13) 


I'bus wc get and in teims of t H'*' ), and K^. Substituting 


in e 


quation (VII. 7) we get. 




a, = 1 - [ d“( 


X K,,r 

. ^ w . a vv _ 

1 + r” 

K^[H^3 K^[r3^ 


+ d.’ 


, < 1:1 , 

i -t- — -r 

-''-a ^w 


(VII. 14) 


Bguation {VII. H) is a working equation from •.*iok variation 
of Rj^/Rp wii*' pH can 'oo oomp-ated provided K^, and d , d are 

taiovm. 

Values of the Constants 

in analogy with tke Oratin' s (95) reasoning on amino acid: 
and from our description of the flotation activity in terms of 
equations (VII. 3) ard (VII. 6) it may be reasoned out that the 
infleotlon point at the left hand arm (Pig. 48) occurs when 


[HOI 3 = 


pH of I.H.S inflection = 14 - 


(VII. 15) 



OTATIGN RECOVERY 


■ ~ naO\ CONCH 

— 0-6.58 mole /LIT 

--0-3.25X10^ ■ " 

1,87 % lO'^ " 
—^9.40x10“^ " 












■' Cl n. 1,1 


,1 , ' 


VARIATION OF FLOTATION ACTIVITY 

POINTS' EXPERIMENTAL,, LiNE'.CAttUL^TEO, . 
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Similarly, on the right hand side arm it corresponds to 


[Ol"]-u = 101 3 


30 that 


pH of R.H.Si inflection 


= K, 


(¥ 11 * 16 ) 


Hence, the 37 alues of and are known from the inflec- 
tion points. Now, it is rather difficult to locate the actual 
inflection point. Cratin and Dean (94) have used ’eye ball’ 
method. However, in the present case, we assume that inflection 
points occur at R./R^ = 0*5 as a practical approximation, ind 
then by vaiying the value of and aromd these values the 
best fit is attempted by computer calculations. EM 7044 was 
used for these computations. The values of and are given 

in Table I. 

C A 

Yalues .of the Constants a__: 

These constants can be determined by talcing two points 
at the left and right hand arms of the curve R./R^ vs pH as 
obtained from experimental data. This yields two simultaneous 
equation fro^i (VII. 14) involving and as t™ mitaoms which 
can subsequenily he fowid out. It is to be uoted that when 
inflection point oolnoides with the point at RyE^ = 0.^5 then 
d‘= and d''- turn out to bo unity. The values of d'= and d’^ are 

given in Table I. 

Once K , K , d“ and are determined equation (VII. 14) 
is fully knom and can be utilised to compute RyR^ variation 


V7ith pH. 
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Table I 


Values of tbe Constants for Flotation Mode l 


NaOl 

Concu. (S ) 
mole /lit . 





d° 

d^ 

9.397 x 10“^ 

4135 X 

10“^ 

1,80 X 

10"^ 

o 

o 

« 

1.15 

1.875 X 10"^ 

1.50 X 

10”^ 

1.80 X 

10"^ 

1.00 

1.15 

3.948 X 10"^ 

6.25 X 

10--'° 

1.80 X 

10"^ 

1.00 

1.15 

6.579 X 10"^ 

1.80 X 

a 

I 

Q 

1.80 x 

10"^ 

1.00 

1.15 


As IS o^iaent K^, <i=, a^ are ail empirical constants 

specific for a particular mlneral-ccllector system and arise out 
of cur incomplete knowledge of the mineral surface, adsorption 
pattern and its correlation with actual flotation recovery and 
mechanical factors. To this extent the present model is empi- 

rxcal# ' 

The calculated curves alongwlth experimental points are 
shovn in fig. 48. It is seen from the figure that agreement 

is quite good. 

Ihe variation of with collector concentration is also 
plotted in fig. 49. It, is seen from the above figure that the 
functional relationship between and S may be mntten as 

= K° S-“ which is confirmed by an excellent strai^t line plot 

between log K„ and log S as seen from fig. 49 (a). 



o 
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pH for Zero ^co very in tlie illkaljjic. R^_go: 

The pH at ?/hich flotation is nil iii the alkaline range 

is cslloa the upper critloel pH. Therefore at this critical 
pH R^/R„ = 0 slhoe R, = C. Heo v,ould he hoeliglhle at 
this pH, therefore from equation (¥11.14) ue have 

1 _ = 0 
or f^“ = 

substituting for f^, we get. 


(YII, 17) 


, , IH+l . 

1 V 


K^tK'l 


IH*] + le = K,;,- R' 




Shaplifying we get, 

where 

h’ = I'Srs 

, . ^vTT v’'^ ^^et for the roots 

Sol-ving the Quadratic equatron (HI. -^5 ^ - - 

the familiar encores sion.^ 

-Kw i " 3. 


(YII.18) 


(VII. 19) 


k’ i: 


Root 


(VII. 20) 




D 


_ n „ ---i p+ ri ft IL ^ in the sq.uare root 

Taking posit3-e sign only anu ni^eiocti.-^ ^ ^ ^ 

sign (since it is much less then 4 K, R' = 


4K^ h' = 10‘^^) * ge-t 


[H*^] 




UCP 


28 


(VII. 21) 
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Again neglecting K^ we get 


[H'^1 


UCP 


1/2 j ^. 1/2 

_ a 


K, 


17 ^ 


(VII. 22) 


Sow, it is evident frotn tbe previous discussion that is a 

function of collector concentration. It has been also shown 
that is fairly constant for all collector concentrations 
v^hereas K varies as shovm in Pig. 49* (Also see Taole I). 
Therefore, the functional rels,tionship can he simply espresse 

as (see Pig. 49(a)). 

Prom Pigi 49(a) the value of n is found out to he 1.46. Subs- 
tituting in equation (VII. 22) we get, 




-,n' 


(VII. 24) 


UCP ^ 

vdiere = (k'/k'V'^^ snd n’ = n/2 = 1.46/2 = 0.73- 

Erom oiuation (VII. 24) a plot of pH i-ersus log S will have j 
slope 0.73. Ihls slope would he compared with the actually 
found slope in section (VII. 6). How recalling uhat, 

IH+1= V 10H-] 

¥e get from equation (VII. 24) 

/ [OH ] = 

or S/[0H"1^/^' = constant 


(VII. 25) 
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Eciuation (YII.25) resembles tbe Barsl^y's law equation. 
Further discussion of the critical contact phenomenon would be 
taken up in Section YII~6. 

In the following sections we discuss the physico-chemical 
p.spects of the present system* 

YII-2 AQUEOUS BEHilYIOUR 01 SODIDTi OEEAIE: 

In the pr^-vious section a mathematical model designed to 
quantitati^^ely characterise the flotation dependence on pH 
was desorl-bed. It is essentially semlemnirlcal in nature. In 
tbo sections following, the physloo-chemioal aspects of the pH 
dependence of flotationjquantitati-ve relationship between pH 
and the adsorption magnitude (r^^), correlation of flotation 
with adsorption and seta potential and oritioal contact pheno- 
mena will ha discussed. lo begin with, the relevont properties 
of sodium oleate in aqueous solutions are being discussed in 
the present section. 

Sodium oleate is an alkali salt of olelo acid which is a 
fatty acid having a formula OgH^,jOH = OH (OHg),, OOOh. Ihus 
oleic acid has a hydrocarbon chain having seventeen carbon atoms 
with a double bond between carbon atoms 9 and 10. Iftien aissolved 
in water, sodium oleate hydrolyses aocordlng to the following 


equation, 


01- t Ha'*' + HgO HOlg^ + Ha* + OH" 


^ iijf 


(01-^. H01„) 


(YII.26) 
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where 01” represents oleate ions and the subscripts a an ffl 
stand respectively for aqueous phase and the micellei 

She micelles arc formed only beyond a certain critical 
concentration called - critical micelle concentration'. (c.m.c). 
The value of c.m.c. for sodium oleate has been detemined by 
conductivity measurements. Iho plot of (i) conductance versus 
(c) concentration gives two straight lines with different slopes. 
The point of intersection represents the o.m.c (Elg. 50). The 
value is found out to be 2.02 x 10"^ moles/lit. The ionic con- 


dition of sodium oleate is thus different below and above c.m.c 
end two distinct cases have to be realised. 1) for sodium oleate 
concentration below c..m.c and 2) for ooncontratlons above c,m.c. 

Oleate Ion Onneentrations at Different £H TiLues: 

In flotation tbe conoentrations of sodium oleate used is 
always below o.m.o and hence only the first case will bo consi- 
dered. in such a situation steps II and III in reaction YII. 26 

, - + rp-hnc! fnr the hydrolysis reaction 

do not come into picturt;. Thus lor rne j 

YII.26 (I) we have, 


[HOI] [0H“i 


= K- 


■h 


(VII. 27) 


[ 01 "] 

where square brackets represent concentrations of the respec- 
tive species and is the hydrolysis constant. 

yrom mass balance on sodium oleate we have, 

. = IHOl] t !01-1 
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Hence 


[01- J = 


Si lOH"] 

+ E[OH"]) 


(¥11*29) 


where S - the total con cent ra.t ion of sodinm oleate added. 

Howj helow c.m.c i*e*, when S << c.m.c the degree of 
hydrolysis p vAich is the fraction of a gm. mole of sodium 
oleate hydrolysed at equilihritaa is ^related to hy 


(¥11430) 


1 - p 


Using eq.uation (¥11,30) and recalling that, 


I H 1 lOH" I 


We get f 2 X)m eq.uation (¥11.29) 


, S. 

[01 1 = — — 7 **“^ 7 . 

* 10(5“-'''^^ 

1-p ,,, 


(¥11.31) 


Thus If the values of Kj, are taowi concentrations of oleate 
ions can he oeloulated from eejuation (¥11,31) for any pH. 

It is to he noted at this place that B is not strictly 
independent of pH. As a matter of fact, it changes and equa- 
tion (¥11,30) is strictly true for the natursi pH values in 
Which case measured B values are availahle In the literature (95). 
These values as determined hy Powney and Jordan are depicted 
in Fig. 51. 2he § values are plotted as‘a function of sodium 
oleate concentration at different constant temperatures. 










r:m 




5r4K.i'.;;: ; 




m 


;.'4“ -'■ »: Vj,s^n-. 
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However, irrespec-tii/e of em changes in p the ^alue of 
at any temperatnre is assumed to remain suhstantially cons- 
tant o\^er a pH range. 

The values of tOl*"! for different pH values can thus 
he calculated. A typical TOriation of [01 1 v;ith pH for the 
added sodium oleate concentration of 2.305 ^ <0 Ic/ 

is shoTn in lig. 52. Oleate concentration as the 

pH increases and after pH 8.5-9 remains constant. This has 
an important hearing on the nature of the adsorption pattern 
and flotation of zircon with sodium oleate. 

7II_3 pH DEPEHDEHCE OJ ia)S0BHCI0E OP SODIW 0IB.IIE OH ZIEOOH: 

The experimental variation of adsoiption density of 
oleate when pH is a variable has been already depicted in Pig. 17 
for constant sodinm oleate concentration of 6.579 x 10" mole/llt. 

1 + -Fnr- cindium oleate concentrations 4.95 x 

Similar results for soanm ua.t.c 

. 4 ' T /T J + 


10 ' 


,-4 


tar J.-CDUJ-U0O — - - 

mole/llt. 5.29 x 10”'^ mole/lit and 2.30 x 10 mole/lit. 
are being given in Pig. 55, these h^ve been compared 

Y/itili 'tbe 0alci£Lated r8sul“fcs* 

Before discussing the mathematical moc-:!- to caioulate 

adsorption density as a function of pH it is worth while to 

T o ip-T(^inar to the observed 

consider the physicochemical aspects l£o.din^ 

j “Mio "dH variation of adsorption 

behaviour. The curve depicting the pH ^ a 

ij. fvn zircon, resembles somewhat a hell 

density of sodium oleate on zircon, 

shape. If it is postulated that sodium oleate is aasorbed on 
the sircon surface primarily to the form of ionic (oleate) 






40LE /LiT 


HaOl CONCN 3.32x10 


tVE SHG’ 

ION COh 
CONSTAI 
ICENTR/ 


typical 
OF OLEy 
WITH pi- 
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species then the i/rJiation of adsorption with pH should he snui- 
lar to the variation of the oleate ion concentration with pH as 
Shovm in lig. 52. That is, as the pH is increased the adsorp- 
tion would increase and then around pH 8.5-9 would attain the 
mazlmuD adsorption which would remain constant as the pH Is 
further increased. As a matter of fact, in acidic region the 
adsorption does Increase with increase in pH as anticipated. 

But, after achieving the maxima adsorption at certain pH wnrch 
is a function of total sodium oleate concentration it falls an 

m-uno ia risfirlv due to tli0 competitive 
tbe higher pH range i This is cle-.riy 

role of OH" ions in the alkaline range. 

Thus, it is clear that 

i) in acidic range before maximum adsorption is achieved 

the adsorption Is solely a function of 01' ion conoentration and 
11) in alkaline range the adsorption depends on the antago- 
nistic role of hydroxyl Ions. 

•+ • «cu from rig. 55 that the pH at which 

Jurthormore 5 it is st>eii xri & 

+ • Vi +nirps ol'^c<-' is 3 function of sodium oleate 
maximum adsorption takes pi- 

+ 's the sodium oleate concentration is increased 

concentration, i.s mo suuj. 

, . oVi-j-F+p "to hifdier pH values. This 
the pH for maximum aasorptioii i 

^+4+-ii7P role of 0H“ ions v/ould 
is quite expected as the oompetrtivc role or 

' T n -fnr iii ffher sodium oleate additions, 

he felt 3.t higher pH values for g 

in acidic region, the curves for concentrations seem 

, to merge into one at some stage as seen from Hig. 55, within 

a, short pH range. 
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However, "tlie agreomenl; 'between tbe experijnenta-^ vo,lu.cs 
and the calculated values was ratber poor. This is probably 
due to the assUDption of fruendlich type adsorption for both 
01" and OH" Ions. Ihe experimental restlts given in Figs. 16 
and 62 Hov/ever show that the adsorption isotherms for 
and hydroxyl ions are S-type and may he ..Ssumed to g 

mulrlan except for very low concentrations. 

Iherefore, in the present model, langmuir typo adsorptio- 
eanation is assnmed to hold good for 01" Ion adsorption (in 
section YII-5 it will he sho« that beyond a sodlnm oleate con- 
centration of 1.5 X lO-'^ mole/llt Langmuir's equation is appli- 
cable (also see Pig. 53) )• ^e role of OH" ions is hrou^t 
out in the form of a simple exchange reaction given hy oiua- 

t ion (VII. 34). 

Ihe physicochemical basis of the role of pH may thus ho 
dosorlhed With the help of the following scheme as was done 
wnilo reporting mathomaticel model for pH dependence of flota. 
tlon activity (e.g. Section 711-1). 


HOI + 0H‘ 


01" + HgO 


(VII. 33) 


and for allcaline region, 
M] - OH + 01“ =5= 


M|- 01“ + OIT 


(VII. 34) 



TIAL [or] 
NAL Coli 


ON OFNa OLEATELMOLE/LI 

AL and final CONCc-Nm 

JE ■ 
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step I in reaction (VII.55) gltes hydrolysis of oleic 
acid due to which the oleate ion concentration ohcnges wi.h 
pH Step II describes the adsorption of oleate ions on the 
mineral surface. It is assur>ed to follow Langmuir type e,ua- 

"t ioii ( SGcijXon YII— ♦ 

4- • vn HfTT brings oii*fc isbe QB'tB.goBis'fcic 

Similarly 5 react lort (¥11.54) g 

Bole of OH ions. 


Prom re,aotlon (YII.55) may wrlte^ 


[H013-U [0H“ 3^ 


= Kp 


E0l"3i 


101 “ 1 , 


lc^.k2 tOl 
1 + k2 EOl^^b 


(YII.35) 


(YII.36) 


(YII.37) 


combining the ahote two duations we get, 

k.,.k2 [HOU t, [OH 3^ (YII.37) 

[HOl3^[OH"3|5 

4 .- V one* k are constants. Ike subscripts 
In tbe abo-ve equation k.^ ejac k 2 

= -hulk nbase and surface phase respec- 
b and s stand for aqueous bulk phase 

ti-vely. 

4 - crnr'Vi aq YII .36 or YII.37 k-be 
In Langmuir type eauatron such as 

iitr r-nrresuond to terminal or equal i- 
concentration terms usually oorrespon 

rm~i rH0l3 1 - after equi-i-iara- 

hrlum concentration talues e.g. 101 1^. b 

However, it is highly desirable 
tion with the mineral surface. However, 

. = of initially added collector cen- 

to get a relationship in tarms of initially 

° - 1 1 nwe; Tt is obser'^ed 

^ 4 .. rpbis is achieved as follows. It xs o 

centratioxi (o). ihis x 


bion such as YII.36 or YII.37 t-h^ 
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from Fig. 53 ihat a fairly good langmuir type plot is ottained 
eve-a when Initial oleate oonoentration , lori is talcer. as the 
parameter. Therefore, in eauation VII.37 the fflOll^, term 
corresponding to terminal oonoentration after equillhratron 
with the mineral adsorbent may be replaced by corresponding 
initial values in which case we are entitled to use equation 
yil.28 which relates tHOll wlth 'S. It should be noted that 
the constants k, and kg would be the dependent on the values 

of S (95) . 

. ,po\ fVII.29) we may write, 

Erom equations (VII. 28) ana 

r 1 f VII. 38) 

*ich relates tHOli with S the Initial sodium oleate concentra- 


t ion adde d . "She re fore , 


S Kj^ 


(VI I. 39) 


[HOI] [OH]^ ^ Nr 

Thus, equation (VII. 37) may he rewritten as. 


[ 01 " i 




S 


(VII. 40) 


v/here , 


kg 


and - 


Since, k. and kg are functions 


of tbe sodim oleate concentration 
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(S) the Tialues of k, and would also be different for diffe- 
rent values of sodinm oleate concentrations. [H*)+K„ 

Thus, a straight line plot of 1/fOl against ( s ^ 

would testify the applioaiility of the abowe equation (VII.40) 
for ocirlic region. .Uso, the constants k, and con be loiown 
there from. Such plots are she™ in Pig. 54(a) vd^ich shows that 
straight line relationship is fairly obeyed. 

Similarly, for alkaline region by tlrtue of the reaction 

(VII. 34) 2 iay write, 


[01" 3 c 


(VII. 41) 


How in alkaline range sodium oleate as pru.s«nt complct y 
ionic form. Iberefore, tke mass balance on oleate 


yield, 


tOl']. + f [01" 3< 


(VII. 42) 


j 1 +r\ +0^0 c^re of the diffe^Tcint' 
The factor f ho,s been Included to toko c..ro 

V,- ■ mi-1 and ton are expressed. substituting fr 

units in wbicn 101 3^ coa lu jg ^ ^ 

, i..;.™ fVII.41) rearranging we g » 

equation (VII. 42) in equation ( I V 


[013 


srH'*'3 

k + f [R^l 

c 


(VII. 43) 


4- • lo it will be seen that a plot of 1/[013 g 
Prom the above, equation it will do s 

4- 1 -,,0 has been warified 

versus would be a straight line, ihis has 

oi where fairly good stro.ight line plots arc seen 
in Fig. 54(b) where lairry s ^ vnnwn 

Tire wolues of k and f are subsequently kno i 
to be emerging. Tbe waiues ox ^ 
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from the slope and the intercept respecti-^ely. idlso in the pre- 
sent case and f are coiisider-ed to be the functions of sodinm 
•oleate concentration S and determined separately for each S 
lvalue to get the best fit with the experimental results. 

ihi overa.!! eq_uation for the? entire pH range is obtained 
by suitably combining equation (VII. 40) and (VII. 43) as, 




Iv kj 

V\ 

;j 






k ftp 1 

C 


) 


(VII. 44) 


where is n constant almost equal to the maximum possihle 

adsorption density hut can he varied to obtain a better fit. 

It will be seen from the equation (YII.-M) that before 
the maxima on the aoldio side, the second braokotted^temn would 
contribute negligibly to the value of since SlH+]/(V* 

Similarly, in higher alkaline range, the firso bracketted term 
would assume almost a constant value nearly equal to and would 

thus cancel the term in the second bracket. I’hus the tom 

SE*]/{k, + f[E'*'l) would mostly determine the value of 

The values of k,, k^, ^ =^4 r„^ for individual 

concentrations of sodium oleate are tabulated in Table Ir. The 
values of Kj^ are obtained from the data of Powney and Jordan (95) 
as desorlbed in Section 7II-2. The values correspond to a cons- 
tant temperature of 25°0. The computed ourvos are compared with 
the experimental data points in Elg. 55. The agreement is seen 

to be quite good. 


n 
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Table II 


Talues of the Constants 

in Adsorption Model 


Constants 


S - _ 


6,58x10“^ mole/lit. 

4.93x10*"^ mole/lit, 3. 

29xlO“^Bole/lit . 

K-, 

5.10 X 10"^ 

2.79 X 10“’^ 

1,50 X 10“^ 

h 

^ m 

-10 

2.74 X 10 

-10 

2.60 X 10 

-10 

1,85 X 10 


0.2616 

0.2187 

0.1211 

5 

^4 

k 

2.90 X 10^ 

2.40 X 10^ 

2.546X 10^ 

4.670X 10""^ 

_3 

1.10 X 10 

2.795 X 10"^ 

c 

f 

2.37 X 10^ 

1.870 X 10^ 

1.677 X 10^ 


It will be worthwhile to compare here the pH dependenoe 


of flotation as expressed by a mathematical fomnnlatlon In Sec- 
tion tII-1 and the pH dependence of adsorption density as cha- 
racterised just now. Both the models are based on the same physico- 
chemical basis namely, a) the oleote ion is the active species 
responsible for flotation and contributes to major part of the 
adsorption density before maxima is reached from acidic srde 
and b) the antagonistic role of OIT ions In the higher alkaline 

f 

range. 


, „„ i-Vip fLo'fea'fcioji iDodel is inore eiiipirica.1 iii 

Hov/ever, whereas xne irouaoxun im 

Q fipTiwed on the basis of known 
natiire, the adsorption moael is dcri 

physicochemical aspects. It should he obvious that the model 
developed for flotation curves is, In principle, applicable to 

adsoirption curves also. 
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TII-4 EFEEGT OF TEICPEMITUEE OS lESOHPTIOH; 

TEe effect of temperature on tlie adsoip)tion of sodium 
oleate on zircon was studied and the results for initial concen- 
tration of 3.29 X 10-^ mole/lit of Ha oleate at three different 
initial pH values 6.02, 8.48, 9.55 have been given In Mg. 18. 

It is seen that the adsorption Increases upto temperature 30 C 

.+ to 40°C. Ebe maxima in case 

and then decreases as it lo rctisea ro 

of pH 9. 55 is less pronounced. 

Ihe effect of temperature on the adsorTtlon process may 

1)6 due to (96) : 

1) change in the attractive forces between the solutes an 

”tlae solid surface f 

2) and adjacent adsorbed solute molecules, 

3 ) change In the solubility of solute in the solvent. 

4) Change -in the icnle condition of the solute with tern- 

perature. 

^ increase in adsorption of oleate from 25“o - 30°0 can 

be attributed to the increase in the [01 1 v;itn rise in tempe 

nature as seen from the hydrolysis curves given in Mg. 51. 

But, as the temperature is further increased, thus increase 

ia mere than offset hy the weakening of vhe attractive forces 

T vTo<= s-nd 'between the solute and the 

between the solute molecules ana bexwee 

solid. 
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Til© af 0 P 6 said, is iu.i^fcli63? sulssiiaii’ti&'t©^ 6y ill© fact "tba 
the maxima is more pronounced at pH 8.48 than at 6.02 or 9.5o. 

At pH 6.02, the 01 concentration is less than at pH 8.48, 
thus giving more initial increase at pH 8.48. At pH 9.55 however, 
the competition offered hy the hydroxyl tons negates this effect 

and the maxima is not veiy sharp. 

At Signer temperature, the weakening of the attractiTO 
forces and Increased soluhillty are the sole governing factors 
at all the pH talues. Ihe hehauiour with regard to temperature 
lltes tLt the adsorption is prohahly due to u. der waa. 
interaction between hydrocarbon chains which being rather weak 
in nature are easily affected by temperature. This wUl be fur- 
ther corroborated in the following sections. 

Ihe effect of temperature on the soap flotation of mine- 
rals is well known. d.T. Suhramanya (37) has studied the tempe- 
rature effect on the flotation of sircon with^sodlum oleate- 
stearate mixed collectors between 65°0 and 90 0. 

VII-5 ADSOKMIOa, ZEIA POIEHTUI. OS HOTAIIOK: 

+ T^arallel adsorption, zeta-potential and 

In tlais sect ion 5 paraii«-i- <au.o ^ 

aw results wUl be discussed and the mutual 
flotation recovery resuivs wix-j- 

correlation among these will be brought out. 

Adsorption I so them - 

First of all, the adsorption isothema for sodrum olea 
(Pig. 16) Will he discussed. As will be seen from the figure 
the adsorption density (r„p ihcreasee gradually in the initial 
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stages, then it shoots up rapidly to reach the plateau legion. 

At the end of the plateau the adsoiTption density again increases. 
The concentration at v/hich this rise after plateau region is 
observed lies around 1.00 x 10"^ moles/llt of the Initial added 
oonoentratlon. Ihls is nearer the omo of sodium oleate. The ^ 
mono layer coverage occurs at r value o£ 2.90 x 10 mole/ cm 
«hich is some what below the actual plateau region observed. 

Ihe adsorption Isothem (fig. 16) according to ailes 
classification (95a) is of S-type. In the initial part of the 
isotherm there is a slight concavity towards the abscissa and 
^ the slope increases rapidly. This is obviously due to increased 
nate of change of site ' availability with increase in the solute 
adsorbed that is, the more the solute there is already adsorbed 
the easier it is for the additional amounts to hecome fixed, 
iooordlng to liles ( 95 a) this implies a side-by-side association 
between adsorbed molecules; helping to hold them to the surface, 
such a Situation is further facilitated if the solute molecule 
la a) mono functional, b) has moderate intemroleoular attrac- 
tion and o) meets strong competition for surface srtes from 
n n -r nfhf"r adsorbing species, fbus, ibe 

solA?ent molecules or otner aasoion o i 

of adsorption isotherm in the present case indicates the possi- 
bility of adsorption due to vander waal's attraction between the 
hydrocarbon chains. This view will be further suhstantlated 


at a later stage. 



148 


The latter part of the isotherm resembles a L-type iso- 
therm and for this region Langmuir’s adsorption equation is 
applicable (See Pig. 53). It would be worthwhile to mention 
here that I.!. Get sen and T.M. Ward (28) used langmuirian 
type equations for oharaoterislng pH dependence of oleic acid 
on graphite. This fact has teen already made use of in dei^elop- 
ing the mathematical model to characterise pH dependence 
adsorption density. ■ 

Zeta Potential ; 

The seta potential under simUar conditions of pH (e.g. 
pH = 9 and 10) and i/aiylng sodi^ oleate concentrations ha-ve 
teen already depicted in fig. 35. It is seen that th 

potential varies almost similarly. The negative value first 

n i-s before it falls ©.t around 

increases rapidly and then slowly, 

initial concentration 1.00 x lO"’ mole/llt of sodium oleate. 

Similar hehaviour is observed at pH 9 as well as at pH 10. 

aoflie fPiff. 36), the curve shows 
men plotted on a compressed scale iiig. :> If 

throe distinct straight line regions with vai^.lng slopes. The 
initial straight line portion probably indicates assoclatxve 
adsorption while the change of slope may Indicate the onset of 
hemlmeoelle formation on the solid surface, for second change 
of Slope indicates the formation of micelle in the apueoua 
bulk and formation of the second layer on the mineral surface. 
The formation of hemlmeoeUe would effectively decrease the 
negative char^, thereby, decreasing the slope. Whereas, the 
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formation of micelle in solution and second layer adsorption 
of the micelle packed with gegenions on the surface would dec- 
rease the effective negative charge to a very large extent. 

As a result the zeta potential decreases numerically. 

Correlation of Adsorption ^ Potential ILotation: 

The correlation between the two solid-liquid interfacial 
parameters e.g. the adsorption density and zeta potential with 
flotation is drought out by plotting the three in Jig. 56. pH 
is kept constant at 9.0 + 0.05 in all the oases while sodium 
oleate oonoentration is varied. It is observed that the flo- 
tation recovery increases more abruptly in the initial s g 
as compared to adsorption density or zeta potential, ill the 
three parameters show a plateau region upto Inltl.^l concentra- 
tion of 1.00 r 10-5 mole/lit. of sodium cleats after *ich the 
adsorption density shoots up while flotation and zeta potential 
decrease abruptly-. Ibis point is very near the omc which varies 
around che value 2.0 x mole/lit depending on the pH 

-I +• T+ i Cl indicative of the fact that there is 

of the solution. It is inQicat,i 

a rearrangement of ionic collector species in the b'olk as well 
as at the surface. The formation of micelle and second layer 
adsorption may take place thus shooting up adsorption but 
decreasing the flotation recovery and zeta potential. 

in view of the fact that the particle size of the experi- 
mental samples used in the above mentioned three sets of 
investigations differ markedly the above correlation obtained 

is remarkable,. 
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To 'bring out the a'bove oiyerall correlation more vividly, 
the flotation recovery and zet a potential are plotted against 
adsorption density (see Eig. 57). Though no single straight 
line correlation is obtained over the entire range of collector 
concentrations, excellent straight line relations for lijnited 
ranges are obtained. The entire range is adequately covered 
hy two straight lines in both zet a potential vs. and 

Elotation Recovery vs. plots. The cnange m slope in 

both the cases is clearly due to the tendency on the part of 
flotation and zeta potential to increase more abruptly as com- 
pared to adsorption density in the initial stages and the 
difference in particle size. However, the veiy fact that 
excellent straight lines are obtained is indicative of mutual 
correlation among these parameters. The correlation coefficient 

in . ease of zeta potential VS. curve for ist portion 

'll 2 T* T . ■ 

0.981 and the equation obeyed is 5 - 21,05 + 1x10 q^* ^ 

this equation t is expressed in mv while is in aole/om . 

For Ilnd portion the correlation coefficient is O.o65 


the equation iis 


86.0 


8.3 d X 10 I 01* 


Stailarly, for flotation recovexy curves the equation 
for the 1st part isiFlotatlon Recovery = 1.98 x 10 r with 
correlation' coefficient 0.942. end for Ilnd part the equation 
isxFlotation Iteooveiy = 78 t 5.6 To;, with correlation 


coefficient 0.989. 






;V^ i.'= 

V' A?' w 
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The Pig. 58 is again a plot of all the threo parameters ^ 
when sodium oleate concentration is kept constant at 6.58 x 10 
nole/lit and pH is a tarlahle. The data totweon pH 8.5 to 10.5 
only are compared heoause helow pH 8.5, whereas the flotation 
still records maximum recovery upto pH 5.0, the 
adsorption density starts falling gradually even at a pH as 
high as 7.0. This is due to a) the difforenoe in particle site 
and h) the well known fact that even at small surface coverage, 

the flotation is appreolahle. Added to this, there is a pro 

. .+ A i" oleic acid from the aqueous medium 

gressive precipitation ox oieic aci 

in the acidic pH. Therefore, even though the trends in adsorp- 
tion and flotation with variation in pH are similar, no oorre- 
lation plots were attempted. In alkaline medium how 
is the OH- ions whioh predominantly determines the and 

flotation both. Thus, in a system where pH is a variable, the 
correlation in the alkaline medium would he more meaningful. 

Of course, particle size difference is still a factor which 
.hould he taken into oonside^HonwM^^ 


~ ~ ^ ” 3-Ta1p csize on the adsorption magni— 

* The effect of finer the final pH and concen- 

tude would he to Elution. For example, for par- 

tration of the sodium _ (which was used in flotation 

tide size ^100, J^sh p£ 

experiments), -the diff _ 0.15 whereas the co^es- 

after conditioning YSf-L^ArStion e^erJinents where particle 
ponding figure -for ols pH units. Srtil^lY 

size is much finer wod -final concentrations in flo— 

the difference in J^Sole/l , assuming 50 percent 

tation experiments would ^^^^J^o^ding^ difference in adsoip- 


* 






POTENTIAL 


6 . 58^^10 
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It is seen from Pig. 58 tliat at pH 8,5 the flotation 
recovery and adsorption density both roach the maximim value. 

Is the pH is increased upto pH 8,9 the flotation recovery remains 
constant at maximum and then falls steeply. On the otherhand, 
adsorption density falls continuously. This is because at cer- 
tain value of the recovery is 100 percent and even if 

increases beyond that value, the recovery would be still 100 per- 
cent thus giving a flat portion. The zeta potential curve shov/s 
an increase in the negative direction in spite of decrease in 

F--, . Thus it is evident that in alkaline pH range, zeta po- 

0 ± 

tential is determined more and more by 0H~ ion adsorption which 
increases many folds giving a steep rise in negative zeta poten- 
tial. Again the correlation plots in Pig. 59 are excellent 
straight lines for limited ranges,. The correlation coefficient 
for the 1st portion of the zeta potential versus Fq^^ plot was 
found out to be 0,986 with the equation fitting the straight 
line as K = 108 - 2.95 x 10^'* F^^, Similarly, the 1st portion 
of flotation recovery versus Fq^ plo'*' obeys the straight line 
equation Plotation Recoveiy = 0,7 + 5 x 10 ^01 corre- 

lation coefficient 0,998. The break is considered to be due 
to the difference in the sizes of particles used in different 
sets of experiments. 








^ .tkicitv of sodium OIEAIHL^^ 

option DENSITY OF ^OSOftfl 

SoVERV AND ZETA 

^ITH F^OT .y ole ATE SVSTEI^^^ 
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VII-6 CRITIGiiL COiTTlCS PPIENOB'iElON IK ZlRGOii - Ka OLEJ^IE 

SYSTEB-I: 

The role of OH~ ions in the alkaline range ha.s been 
already brought out in the previous discussion. Its competi- 
tion v/ith the oleate ion for surface sites decreases the ad- 
sorption of collector and hence flotation of sodium oleate 
in the alkaline range. Consequently, tho flotation recovery 
becomes zero at certain high pH value knovm as 'upper critical 
pH'. Y/hen critical pH is plotted against the collector con- 
centration one gets 'contact curve'. It separates flotation 
zone from no flotation zone. It also represents the condition 
of clinging/nonclinging of bubbles to the surfaces. 

For zircon-sodium oleate system, the contact curve 
obtained from flotation results is shovm in Pig. 60. Record- 
ing to Barsky's lav/ (97) along the contact curve the ratio 
fOl^l/tOH”! should remain constant. Rccordingly a plot of 
log [ 01 “ 3 vs log [0H“ 1 should yield a straight line of unit 
slope. Hov/ever, the slope is seldom unity. For example, for 
the present system the Barslqy plot is shown in Fig. 61. R good 
straight line relationship with a correlation coefficient of 
0.97 is obtained. However, the slope is 0.675 which is less 
than unity. It is worthwhile to compare this value of the slope 
with the -value obtained with the help of the flotation model 
given in Section ?II-1 wherein the slope is obtained from the 
relationship between K and S. The value of the sloue so obtained 

■ a, . . ■■ ■ ■ - ■ ■ 







CRITICAL pH 

BARSKY PLOT FOR ZIRCON-SODItiM 
OLEATE SYSTEM 
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Is 0.73 v/hioh compares well with the experimental value 0.675. 

rhis point has been a matter of considerable discussion 
in the past (98, 99, I00, 101). .!nd it has been suggested by 

( "fchat along critiea.1 contact curve [01]/[0lfl^ 

remains const.^nt, iri v. -l. 

in gent^rcxl, hes been realised by now that 

S-lo C3?X*fciC0lL COHi/^Civ iol^© A • ^ ‘ 

j rxcvCial co/idiuion is predominantly 

determined by 0H~ ions. 

In case of sircon- sodium oleate ^j^stem also, this becomes 
more evident from the experimental studies. Por example, Pig.62 
shows that the seta potential-pE curves for different collector 
concentrations merge in the curve for no collector at certain 
pH v^lue. ihis clearly indicates that after a certain pH the 
zeta potential is solely deteimined by OH" ions only. 

Similarly in Pig. 63 are plotted the adsorption density 
values for OH" ions against pH for sodium oleate concentra- 
tions 6.58 X 10-^ moles/litre, 3.29 x 10 '^^ moles/lit. and 
2.30 X 10 moles/lit. it will he seen therefrom that the ad- 
sorption isotherms are S-shape. ah of them seem to merge in 
one straight lino at the upper end. The pH at which the curves 
merge represent a point beyond which the presence of sodium 
oleate no longer affects the adsorption of the hydroxyl ions. 

In order to bring out the critical significance of the 
ratio [01]/ [OH] the adsorption density ^ plotted against 

log [013/ [OH] in Pig. 64. Here again we notice that the curves 
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merge into one stiaight line at a certain value of pH. Similar 
curves have been reported bj O’Kellegren (105) in case of 
xanthate adsorption on pyrite, IThus, the three sets of curves 
depicted in Pigs. 62, 65 and 64, clearly indicate the critical 
phenomenon as being due to the dominant role of 0H“ ions beyond 
the critical pH. These curves are unique in that these are 
being reported for the first time on one single ^stem. 

It is worthwhile to note that S. Mukai et. al. (104), 
have determined the electrode potentials for pyrite— xanthate 
system as a function of pH. Their results ^are reproduced in 
Pig. '65. Here again the curves for different xanthate concen- 
trations merge into one straight line. The authors suggest 
that the point of merger represents the critical contact pH 
also. Accordingly, they define the critical pH as one beyond 
which the electrode potential is governed by 0H~ ions only. 

The electrode potential and zeta potential measurements 
suggest that the condition of the electrical double layer is 
totally determined by 0H~ ions beyond critical pH. Also the 
critical condition is also exhibited by the double layer as 
evidenced by zeta-potential la suits, 

YII-7 niPRAKBD SPBCTRA: 

In this section, it is proposed to discuss the infrared 
spectra of the mineral-collector systems. 




FIGURE 65 RELATION BETWEEN ELECTRODE POTENTIAL 
: OF PYRITE AND pH AT VARIOUS CONCENTRATIONS 

V' ^0^^ XANTHATE(S.Mukai et at) 
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Infrared Snec tra of Zirco n : 

l‘h& spectra for zircon has already been shown in Fi.p.40.- 
It is 3e..;n that there is .absolutely no peak betyreen 3000 and 
1cOO cm . ..11 peaks appear bolo?/ 1000 era only, Ihis is 
particularly a happy situation for studying the adsorption 
of sodiuin ole ate on zircon, because intense pealcs due to car- 
bonyl .anti stretching frequency fall around 1500-1700 cm"”^. 

iiSSuming that zircon contains isola.ted SiO^ ‘ tetrahe- 
dra one may calculate the vibration frequencies using the for- 


mulae given by Herzberg (105). These frequencies as calculated 


03^ = 475 cm"'', 


by B.b. Sarena (106) are = 729 cm , -g 
1031 cm”"^ and = 493 cm""*. P. Matossi (107) has reported 
the corresponding observed frequencies at 


= 770 cm' 


-1 


w 


2 = 473 cm' 


■ 1 


(ii-7 - 944 cm' 


-1 


and 


03 


493 cm" 


These values agree well with the calculated ones. The 
frequency 03^ of the SiO^ tetrahedron is a motion of silicon 
against oj<ygen atoms along the three axes (105). This involves 
rather large changes of dipole moment and so fnese modes will 
be strongly active in the infrared region. Pllso is triply 
degenerate frequency. However, this degeneracy can disappear 
due to lov/er cell symmetry. For zircon (cell symmetry (1^4^^) 
only two frequencies are expected (IO6) and these were obseiwed 
at 1003 and 833 cm respectively. 
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In ths speotrp reported in the present wrk, intense 


-1 


were 


peaks at 1003, 894, 785, 615, 600, 425, 375 ad 305 eir, 

Cbeerved. Out of these, the ones at 1003, 894, 785, 375 match 
^ery well with the ones observed by Katossi (107) and Sarena(106). 
.,oooraing to Sokena, the distinguishing features of the slli- 
c=,te» oonoeining isolated SiO^ tetrahedron are the two strong 
bands at looo c,u-1 and the other close to 893 cm-''. These are 
evident m the present spectra. The frequencies at 615, 600, 

425 and 305 cm-'' are also observed predominantly m the spectra 
given. However, these have not been reported by the previous 
workers. Probably, the sajuplos used by these workers were 
much coarse and hence caused large scale scattering. This might 
have resulted in the weakening of peaks. This is evident frim 
the very smoai peaks obtained in their work. It is not sur- 
prising, therefore, that oxeept the very intense peaks, others 
with medium or low Intensity were obscured. In the present 
ease, however, the particle sire is extremely small (less than 
1 micron) and hence scattering effects are minimised. Probably, 
beoaus,. of this the additional peaks appear as stated. However, 
the frequency assignment of these peaks has not been done as it 
does not pertain to the main theme of the present investigations. 

I nfrared S|jectra of Oleic Acid and Sodiu m Oleate : 


The spectra of oleic acid and sodium oleate solid have 
been already shov^n in Pigs. 41 and 42. Ibe bands at 3130-45 cm"'’ 
in sodium oleate have been assigned to the stretching vibration 
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of C OH carbon hydrogen bonds. Intense bands at 2915 and 
2845 cm in oleic acid and 2900 and 2840 cm"'* in sodiimr 

olGcj-te are due to CH^ and CH2 'vibrations. I'he verj' intense 
bana at 1700 cm in oleic acid has been attributed to dimer 
formation in oleic acid and is assigned to G=^0 stretching 
in COOH. Ihis is a distinguishing band for oleic acid. It is 
not observed in sodium oleate. Instead vre have a strong band 
at 1545 cm which is due to antisymmetrical stretching vibra- 
tions of GOO group. This frequency is a distinguishing feature 
of sodium oleate and is not found in oleic acid. Assignments 
of other frequencies has also been done (103,109). These are 
reported in Table XLI? in Appendix G. 

Infrared Spectra of Adsorbed Species : 

Pig. 44 shoviTs the i.r spectra of sodium oleate adsorbed 

on zircon. It shows that there is no trace of any surface compound 

being formed hetv/een sodium oleate and zircon, since no new 

absorption peaks are appearing. iUso at lower concentrations 

of sodi um oleate there is no evidence of any oleate species 

present at the surface. But if sodiuiB oleate concentration 

is increased much higher (1,'516 x 10“ mole/lit.) characteris- 

-1 ' 

tic hand at 1700 and 2900 cm appear. They grow in intensity 
as the sodiijm oleate concentration is further increased to 
1.84 X 10“^ mole/lit. The band at 1700 is characteristic of 
C=o stretching frequency in COOH and is considered to arise 
due to formation of dimers of the type. 
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due to formation of dimers of the type, 


CH, - (CH^)^ -o:; 




0. . .H 


0 


X 


\ 


^0 


H , . .0' 


C —(CHg)^ -CH3 


It is thus e'vident that at higher concentrations of sodium 
oleate there is a dimer formation at the surface of zircon. 

This then is an evidence of the contention made earlier 
that sodium oleate is not chemisorhed on the zircon surface. 

Carbonyl Stretching Ireguency of Metal Ol eate s : 


It is seen that there is a direct relationship between 
the ionic radius of cations foiming the metal oleates and their 
carbonyl stretching freguency. This is shov/n in Pig. 66, The 
data for the frequency values are taicen from the literature 
and tabulated in Table T Appendix A. Also, since this does 
not pertain to the present ^stem it is discussed in details 
in Appendix A. Suffice it to mention here that the straight 
line relationship is useful to the extent that one can find out 
the unlcnovoi carbonyl stretching frequency of any other metal 
oleates once the radius of the cation is known. 

VlI-8 OEHERAI RBMEES ON ZIRCON SQDITOI OIEATE SYSTEM: 

In this section, it is intended to consolidate i/he 
findings on sodium oleate system and draw some general conclu- 


sions on. that basis. 








IHi 
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It is aptly pro-ven that sodiiffii oleate is adsorhed on 
zircon in ionic form, This is evident from the fact that as 
the oleate ion concentration increases due to pH, adsorption 
density also increases till OH” ions begin to play an antago- 
nistic role. 

It is seen that oleate ion is negatively charged as 
also the surface of the zircon in water. Thus, if adsorption 
v/ere to he due to coulumhic attraction it would he q.uite negli- 
gible. However, it is found to he substantial. Thus coulumhic 
interaction does not play a major role in causing adsorption 
of oleate on to the surface of zircon. 

Also it is seen from the temperature effect that adsorp- 
tion is most likely to he physical in nature. I.R, evidence 
also shows the absence of any chemical species foimed on the 
surface . 

% 

How, according to equation (YI-I) the adsorption of 
negative species on a naga-tive surface may occur only when the 
chemical affinity of collector species for surfa.ce sites is 
much higher or there is lateral interaction between the hydro- 
carbon chains of the van der waal’s type so that coulumhic 
repulsion is overcome. Since l.t, evidence rules out the possi- 
bility of any specific chemical compound formation, it is clear 
that van der waal’s interaction between hydrocarbon chains of 
oleate is mainly responsible for adsorption. The S-type 



CHAPTER 'VIII 


or KSSHLTS-III - 2 IRC 0 H~S 0 DILT'I 

o^ ^e-moderator systems 

Selective flotation of nonmet all ic minerals such as 
zircon with fatty acid soaps is rather difficult due to the 
presence of other minerals which also respond favourably to 
these collectors. Therefore, moderators are always invariably 
used. Amongsb those commonly used for beach sand minerals 
are the sodium silicate (lIa2SiO^)5 sodiim fluosilicate (la2SiEg) 
etc. Due to the inherent affinity of silicon for ions, 
sodium fluoride or HE have also at times been tried. In the 
present investigation, Na2Si05, Ha2SiEg and laE have been 
chosen as moderators and their effects on the soap flotation 
of zircon have been studied with the help of adsorption and 
zeta potential measurements. 

As a first approach to the problem, it is perhaps worth- 
while to go into the aqueous behaviour of these salts. 

VIII -1 AQUEOUS BEHAVIOUR OE MODERATORS: 

When dissolved in water the inorganic salt dissociates 
and hydrolyses to yield different ionic species the concentra- 
tions of which may vary with pH. 



filssolved in water, the sodium fluoride being a 
moderately strong electrolyte dissociates completely into Wa' 

and F" ions. The fluoride ion in turn may interact with -’ater 

to yi.eh! ilF, HFg” etc. Hydrofluoric acid is a relatively w/eak 
ac-.id with ■■i, tjj ssooiation constant of about 5.55 x 10"^ at- 
(110). The reason for the vreak acidic character of 
, 1 , 10 :'; in Uio -voxy small size of the fluoride ions. At pn -v^alues 
.icon than pKn value 5.45, the molecular concentration of 
irutroascnc rapidly. Since in the present investigations a-l-l 
the neasuroraentr. reported are in alkaline pH range, h ioarm 
niiouid bo the predominant species, f he change in pH due "to 
addition of KaF to sodinm oleate solution of 4.93 x 10 molVlit 
i. .hown un 67. It Is that the pH decreases oorr^l- 

nuously with increasing NaF addition. 

Sodittn Pill cate : 

In addition to its role in promoting selectivits- 
tat ion, nod'luai silicate is knom 


to he a good flocculating 




Li 


terature contains many references to several sodium 

cita Ptc The propeirties 
sllioates o.a- KajSiO,, HagSigOj. 4 

t f different varieties depend on the ratio 

of Hodlufn rddicates of di f ^ n aud -==10n 

■ ^ nud r are niOBber of NagO and ..lUo 
x^P in pl-lac,0.rSi02 where £ r ar 

, ■idnsitp The ratio is known 
moltjculoiO i.n the sili 

of oodluf'i silicate. 


as the ’modulus’ 



I 
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Ihe dissolution of sodl® silicate is veiy cou,plex 

The first to be dissolved is the Ha 0 vrtth ^ 

3.S -ctie HagO v/ith only a anall amount 

O Silica. Subsequently the iesidual silica gel goes into 

solution «th only a small amount of remaining altoli. The 

hydrolytic dissociation of sodium metasilicate can be explained 

«ith the help of the following reactions: 


2lia.^SiO^ + HgO 
Na^SiO^ + H2O 


Also , 


I’lagSigO^ + 21‘JaOH (Y 111,1) 

MSiO^ + Na"*" + OH“ (VIII.2) 


HagSiOj + 2H0H 2Ua , POH" + H^SiO, (colloid) (VIII.3) 


At higher concentration colloidal species are formed (111) as 


follows: 

(^SlOj.nSiO^ aq)“" ^ ^SiO," , {; hS10, aq 3 O'l: ... 

(nSiOj aq) HgSiOj (orystalloidal) {vrii.5; 

<-d.ere square brackets represent colloidal aggregates. E.W. 

Harman (112) ..has suggested the presence of only Ha^SiO, and 
as salts of definite composition in dilute solution. 

This means H2Si03 which is partly ccllcidal in nature is a 
true dlhasic acid, fhe first and second dissociation constants 

are reported to be K, = ^ IQ-’® and = 5. 1 x lo-'l 

Silicic acid, Of Which some seven varieties have been 
olaimed, exists in the form of colloidal micelle at higher 
HajSiO, concentrations. N.P. Peskov (113) has given the struc- 
..ure of micelle of silicic acid as shown in Pig. 68. 




GENERAL FORMULA 


fOURE 68 STRUCTURE OF A MICELLE OF SfLICIC 


178 


Ihe variation of pH due to addition of Ha„SiO, to 

sodium oleate solution is sho™ to Pig 67 Tt .■ 

j!ig. o/. It IS seen that 

the pH increases first steeply and then remains constant for 
higher additions of Na^SiO,. This is quite understandable 
In the light of the hydrolysis reactions (VIII.i), (VIII.21 

and (¥111.3). 

-gg-gi nm gluos l llcate : 

A.S. Rees and L.J. Hudleston (1U) Investigated the 
equilibria In sodium fluoslllcate solutions and suggested 

that the decomposition of the complexion proceeds as follows: 

—2 

SiPg- ^ siP, t 2P^ 

SiP^ t 23^0 vA 4HP t SlOg 


(¥111.9) 


Also SiOg may further react with water to give 

SiOg t H^O ^ HjSiOj (Colloidal) 

Altiemat ively we may v/rite, 

31-^6 -r 2E^0 ^ SiOg -f 4H'^ + 6p- (¥111.9) 

I.e. Eyes (115) has given the equilibrium constants of the 
reactions (7111.6), (7111.7) and (VIII.9) as 6.5 x IQ-^, 

1.0+ X 10 and 5.4 x iq-^^ respectively. h.T. Crosby (116) 

has shown that at 20°0 the fluosilicate ion is 36 percent dlsso- 

elated at a coriceiit 2 :ation of 0,0015 M, 

furthermore SxP^ formed In aqueous solution may react 
With HP formed to give H^SiPg as foUows: 

+ 2SI ^ 


(¥111.10) 



179 


Foimatioii of SiP^~ is also suggested (117), 


SiFg2- ^ ^ SiJf + HF (¥111.11) 

i'homsen (118) sug:ests that in excess of silica the acid 
present is hgSix-'g. SiF^. Hexafluo silicic acid is a strong 
acid, slightly stronger than even sulphuric acid, and its 
structure can he represented by (119), 



Si 



Rees and Hudleston (114) and Cooke and Minski (120) give the 
equilibriim constant of reaction (VIII. 10) as 1.3 x 10“^. It 
is a function of fluosilicate concentration and decreases v/ith 
Increase in fluosilicate concentration. It is thus obvious 
that in aqueous solution fluosilicate reacts to give HF, 

and H2SiO^ which are all acids. Therefore w'ith increas- 
ing fluosilicate concentration pH should decrease rapidly. This 
is shown in Fig. 69, which describes ■ the sodium oleate- 
sodium fluosilicate system. 

YIII-2 ROLE or SODIUI.! FLUORIDE AS A MODERATOR: 

Having discussed the aqueous chemist ly of the moderators 
employed in the present investigations, we proceed on to the 
discussion of the effect of moderators on flotation, adsorp- 
tion and zeta potential of zircon. 

The adsorption isotherm for HaF without any sodium oleate 
addition has been given in Fig, 19. Corresponding zeta potential 
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results are shown in Pig. 32 . It will -be seen that zeta poten- 
tial cuCT?e follows the adsorption isotherm in general though 
the 2>iaJ' concentration at which the fj,— increases steeply is 
different from that for similar rise in zeta potential, This 
may he attributed to the difference in particle size. The 
adsorption isotherm shown in Pig. 19 may he classified as 
S-type according to Gile’s classification. 

In case of HaP addition (Pig. 11) the flotation recoT/ery 
abruptly increases at small additions of sodium fluoride and 
then remains fairly constant e-ven upto 8,5 x 10“^ mole/lit 
(350 mg/1). Thus UaP acts as an activator at lower concentra- 
tions but it is a very weak depressor, if at all, for zircon. 

To see whether flotation results were also supported 
by parallel adsorption and zeta potential measurements a series 
of investigations were undertaken the results of which already 
find place in Pigs. 20, 21 aaid 22 in case of adsorption studies 
and in Pig. 37 in case of zeta potential measurements. 

It is seen from the Pigs. 20 and 21 that at constant 
initial pH of 10.3 and 10.5 the adsorption of sodium oleate 
falls while that of SaP increased. The final pH in both the 
cases varied. 

Also, some experiments keeping final pH constant at 
9.7 + 0.15 were perfomed (Pig.22). This is the pH at which 
flotation experiments were also performed. It was found that 
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sodiua oleate adsorption first increases and then falls at 
higher concentrations of sodiiam fluoride, Thus, the initial 
activation can he attributed to the increased oleate adsorp- 
tion. Kov/ever, the depression expected at higher IJaJ addi- 
tions is not distinctly visible even at higher concentrations 
of sodium fluoride. 

ieta potential experiment e conducted at final pH 9.7 
and initial pH 9,0 (fig. 37) shov/ that at final pH 9.7 the 
negative zeta potential increases briskly. The results at 
initial pH 9 show that the negative zeta potential first 
increases numerically then remains substantially constant 
for comparatively large additions of Naf and then seems to 
take off at still larger additions of Haf. 

This is quite understandable in terms of the adsorption 
behaviour already reported (Fig. 22). At final pH 9.7 and 
with smaller additions of NaF both -p and VL-i- increase 
thus increasing the negative zeta potential numerically. After 
certain concentration of the HaF, though the adsorption of 
sodium oleate decreases, that of laF rises steeply more than 
compensating for the decrease due to less sodium oleate adsorp- 
tion. 

Similarly, at initial pH 9, the zeta potential variation 
with NaF addition is explicable from the adsorption pattern 
reported in Figs. 20 and 21 for initial pH values 10.3 and 
10.5 respectively. Though there is a difference between the pH 
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for the adsorption and zeta potential measurements the trend 
is expected to he the same as both lie in the alkaline range. 
It is obser'ved from the adsorption curves that as the naP 
concentration is increased seems to slightly increase 

initially before it gradually falls v/hile first gra- 

dually increases and then steeply, it will be shortly shown 
that over a range of haf concentration C Fq^- + P|^) remains 

constant. Eo?/ the negative zeta potential in lig. 37 for 
pH 9, first increases somewhat and then remains constant upto 
certain concentration of Hal. This initial increase is due 
to the adsorption of HaP and slight initial increase in f^^.* 
The constant portion arises due to constancy of (Tq!- 
and the final steep rise at higher additions of Hal is due 
to steep rise in as compared to the decrease in j’Qp- 

value . 

It is also to be noted that the type of adsorption 
pattern for sodium fluoride remains the same even in the 
presence of sodiinn oleate. 

To know the mechanism of Hal action in decreasing the 
sodium oleate adsorption on zircon the sum CfQp- fp-) 
calculated for various sodium fluoride concentrations as 
shown below in Table III and plotted in lig. 70, 



PoU Pf' [MOLE/CM^xIO 




NaOl CONCN qH“ 
'4.93 xio"* MOLE/LIT 10.3 
4.93 xlO'* MOLE/LIT 10.5 


I — r 

o 


-r-i 

. ' ^ ,1 ' -4 

i"|' ' P ^ ' / * 

H AHHim 


5 10 15 

CONCENTRATION OF NaF [MOLE /LIT x 1 
FIGURE 70 PLOTS SHOWING CONSTANCY OF [r 
A RANGE OF SODIUM FLUORIDE C( 


+;i r j- uvi 
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Table m 


SI. 

Ho. 


Conceri- 
t rat ion 
of iJaF 


Initial pH 

1. 0.00 

2. 9.526x10“'^ 

3 . 4 . 762 x 10 “^ 

4 . 1 . 191 x 10 “^ 

5 . 1 . 666 x 10 ”^ 

Initial pH 

6 . 0.00 

7 . 7 . 145 x 10 “^ 

8 . 9 . 526 x 10 "^ 

9 . 1 . 429 x 10 “^ 

10. 1.905x10~3 


Experimental 

Values of (f 



X '"oi p 

(mole/ cm ‘^) 

Pf- ^ 

(mole/ cm '^) 

f . 1 T i* p— 

Average 

(..ole/cn^) 

1 SodiioiH 

Oleate Concentration 4 . 93 x 10 "^ mote/i 7 + 

2 . 004 x 10 "’^° 

0.00 

2 . 004 x 10 “'*° 

1 . 736 x 10 "'’° 

2 . 185 x 10 "'’^ 

1 . 954 x 10 "'*° 

1 . 926 x 10 "'’° 

2 . 123 x 10 "'*'’ 

4 :, 138 x 10 '’° 2 , 005 x 10 "^° 

1 . 525 x 10 "'’° 

4 . 986 x 10 "” 

2 . 024 x 10 "'*° 

7 . 308 x 10 "^’ 

0 

I 

0 

1 . 905 x 10 ”^° 

10 * 5 : Sodium 

in 

Ole^ Concentration. 4 . 93 x 10 "'^ mole/lit 


1 , 296 x 10 0.00 1 . 296 x 10 “”*^ 

1.450x10-^0 2.250X10-''^* 1.675x10-’° 

1.308X10-’° 3.000X10-”* 1.608x10-’° 1.628x10- 

1.096x10-’° 5.050x10-”* 1.601x10-’° 

6.223x10-” 1.423x10-10 2.045x10-’° 


10 


* These values are taken from the Fig. 21. 

Prom Table m, it is seen that remains 

fairly constant upto certain concentration of ifaF. This 
strongly suggests that upto certain NaP addition, both oleate 
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ion and fluoride ions compete for the common surface sites and, 
an ion exchange type mechanism can be suggested as follov/s: 

Ilj - 01" + == Mj - F" + 01". 

At higher concentrations, however, the 1" ions seek 

% 

additional surface sites. 

The initial activation is common to all the moderators 
and discussed in a separate section. 

VIII-3 ACTION Of SODIIM SILICATE AS A MODERATOR: 

It is seen from the flotation experiments (Rig. 12) that 
at low'er concentrations of NagSiO^ distinct activation effect 
is observed, while at higher concentration usual depression 
takes place. S'agSiO^ seems to be a very good depressor for 
zircon. 

To study the modulating action, adsorption of sodium 
silicate was studied. The isotherm given in Rig. 23 , shows 
that adsorption first briskly increases then seems to remain 
constant for a while till it again takes off at higher HagSiO^ 
additions. According to Giles classification the isotherm 
is of L-type. 

The corresponding zeta potential (Rig. 33) hov/ever does 
not closely follow the adsorption pattern. It first increases 
and at around 1.2 x 10" mole/lit, of HagSiO^ seems to decrease 
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The adsorption of sodiian silicate and sodluii! oleate 
from the solution containing both is shown in Pigs. 24 to 26. 

At pH around initial pH 9, though sodium silicate adsorption 
continuously increases v/fth sodium silicate addition then 
remains constant before increasing steeply, the sodium oleate 
concentration at first sluggishly decreases and then falls 
rather steeply. However at higher pH around 9.9 - 10,00 the 
decrease in sodium oleate adsorption is rather steep. 

If the final pH is kept constant and adsorption values 

obtained then we get the behaviour as depicted in Pigs. 2? and 

28. It Vi/ill be seen that the oleate adsorption first increases 

with small additions of Ha 2 SiO^ then decreases and almost 

first increases 

3 

rapidly and then tends to level off. Corresponding seta 
potential measurements also indicate an initial rise in the 
numerical value of zeta potential befoa^ it comes down and 

■.fc ■ ■■ 

remains constant (Pig. 38). The initial rise in flotation 
activity may thus be attributed to increased adsorption of Ha 
oleate at small additions of Ha 2 SiO^. 

This correlation is more vividly brought out in Pig. 71 
where the flotation recoveiy, zeta potential and adsorption 
density of sodium oleate on zircon are plotted as a function 
of NagSiO^ concentration. In view of the different particle 
sizes involved in each type of measurement the correlation 
is remarkable. This again proves that the two phase solid- 
liquid interfacial parameters are closely correlative. 


remains constant, whereas the ’p. 


Na2SiO 
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In Pig . 71 


1(a), the zeta potential, and trfs sisTi 


plotted to emphasise the fact that th. ^ T 

lact that the zeta potential curves 

follow the Pg, curve aud not the ( curve. ®is 

Clearly indicates that there Is negligihle oontLbution of 

tbe ionic species derived fro. Na^SiO, hydiplysis to the nu.e- 

rical magnitude of the neffativp •70+'- 4- j. - 

ne negative zeta potential. This strongly 

suggests that neutral H.Slo, is the species that is adsorbed 

predominantly, ^t lower concentrations, H^SiO, is erpeoted 

to be present in separate molecular foira. ihus at lower con- 

rations of BagSiOj such as the one studied, there would 

not be any substantial contributions due to SajSlO,. The 

adsorption of sio,' and HSi 03 - if any, is erpeeted 

to be marginal. 

This can also be seen from the relative abundances 
of the species .H^SiO,, HSiO,- and SIO,^ in the pH range 9-10. 

Prom the equations 


HoSiO- 


and HSiO- 


HSiO^“ + h' 


We have the corresponding equilibrium relationships as 


tHSio,-] [nq- 

— — = 10“ 

I HgSiO^ j 

rfLsiOj^l [h*] 

— r~ — = 10“^^ 

HSiO^~ j 


(Tin. 12) 


(Till. 13) 



Pol^rNajSiOg [mole/cm 



CONCENTRATfON OF Na2Sf03 [MOLE/ LIT XlC 

Figure 71(a)' comrarison of zeta poiENTrAi geh; 

, roUrNa2Sf03 VARIATION AS A FUNCTIO'* 

/ SILICATE CONCENTRATION AT FINAL- RH, 

'' Naol coNC 4.935^10'^ mole /lit ■ 
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respecti’vely. Protn a mass balance on silicate species on one 
mole basis i.ve have, 

[HgSiOj] + [HSiO^™] t [SiO^"] = 1 (YIII.14) 

From Bans. (¥111.12), (VIII. 13) and (VIII. 14) the abtm- 
dance of H 2 SiO^ at pH 9 is calculated to be 91*0 percent while 
at pH 10 the corresponding value is 50.0 percent. 

Thus at pH 9*5 the H 2 SiO|j present would be much more 
than 50 percent. 


Similar reasoning may be given to explain the zeta poten 
tial curve for ilagSiO^ addition as shown in Fig, 33 v;hich does 
not follow the corresponding adsorption behaviour depicted in 
Fig, 23. Is seen from Fig, 23, the adsorption isotherm is of 
L-type with a plateau region, at the end of v/hich it again 
shoots up probably due to the adsorption of colloidal Er^SiO, 

J 

micelle which may forte at higher concentrations of Ha 2 SiO^ 
solutions. As is seen from the Fig. 68, the micelle of sili- 
cic acid is positively charged at its surface (i26). This may 
very v/ell account for the decrease in the numerical value of 
the zeta potential at higher concentrations of in 

Fig. 33. 


In case of HagSiO^, again, the mechanism of depression 
seems to be based on the competition of oleate and HgSiO^ for 
the common surface sites. Therefore, the sum trol - ilasSlO,) 
shoiild remain constant over a range (See Table IV) of Ha 2 Si 03 
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addition. This has been found out to be the case as shG'i'm. 
below and depicted in Pig. 72. 

Table I? 

Experimental Yalues of -r ^^ 25103 ^ 


SI. Concentra- t-Xqt -r ri 

Ho. tion of ■ 2 ^Ha2Si02 j Ol"^ iHa 2 Si 03 Average 

(SiwEt) (mole/c.2) („ole/o.2) 

^ ^ ^01 *Ha 2 Si 03 


In it ial pH 10 : ilaOl Concentration : 4.93x10""^ mole/lit . 


1. 

0.00 

♦ 

N 

O 

1 

^-, 4 . 

o 

0.00 

2.004x10"'*° 


2. 

2.142x10"”’^ 

1.857x10“^° 

1.013x10"''° 

2.870x10"''° 


3. 

3.572x10“^ 

1.339x10“^® 

1.554x10"''° 

2.893x10"''° 

2.876x10 

4. 

4.285x10"'^ 

1.050x10"’’^ 

1.700x10"''°* 

2.750x10"''° 


5. 

5.714x10“^ 

1.242x10"''° 

1.750x10"''°* 

2.992x10"''° 


6. 

7. 142x10”"^ 

9.632x10"''^ 

2.052x10"''° 

3.015x10"''° 


Initial pH 9: 

ITaOl Concentration: 3.29x 

10"'**' mole/lit. 


?. 

0.00 

1.192x10"''° 

0.00 

1.249x10"^° 


8, 

7. 142x10“^ 

8.966x10"^^ 

3.806x10"''’' 

1.277x10"''° 


9. 

2.142x10“^ 

1.113x10"^° 

3.442x10"^'' 

1.456x10"''° 

1. 319x10' 

10 

.3.572x10“^ 

1.009x10"''° 

3.403x10"'*'' 

1.349x10"''° 


11 

.4.999x10”'^ 

1.034x10"''° 

2.246x10"'*"' 

1.259x10"”*° 


12 

.7. 142x10"^ 

1.155x10"^° 

8.078x10"'*^ 

1.965x10"”*° 



centd. . . 
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Contd. . . 


.31. 

No. 

iTa2Si0j 

Concentration 

01 

Initial 
pH 9.95 

Na 2 Si 03 01 HaoSiO-^ 

NaOl Con- - 

centration 3.289x10 *■ mole/lit 

13. 

0.00 

1.192x10“'*° 

0.00 1.192x10"'*° 

14. 

7. 142x10”^ 

1.058x10"'*'* 

5.234x10"^^ 1.11x10"^° 

15. 

2.142x10“'^ 

7.925x10"'*'* 

1.521x10"'*^ 9.446x10"'*'* 

16. 

3.572x10“'^ 

1.093x10"'*° 

4.088x10"'*'* 1.502x10"'*° 

17. 

4.999x10"^ 

3.844x10"^'* 

5.776x10"^"* 9.620x10"'*'* 

18. 

1.071x10“^ 

9.387x10"^^ 

8.322x10"'*'* 9.361x10"'*'* 


Activaijicn plaenonienon would be discussed in tbe 
Section YIII-5. 

TIII-4 MODULAR HJG ACT 101 01 SODIIl! ILUOSHIOATE: 


Sodium fluo silicate as also hydro fluo silicate acid 
(H 2 Silg) act as good depressors for zircon flotation with 
sodium oleate as the collector. According to I.ll. Plaksin's 


work (42-46) 


l:la2SijPg 


effective reguJLator for the selec- 


tive flotation of the t it ano- zirconium sand by the aerated 
emulsion of the oleic acid, v’.hereas the titanium mineral is 
not affected due to soluble complexes foimed, the zircon gets 


efficiently depressed since complexes formed with zirconium 
are insoluble. The present investigations v^ith HagSilg show 
an initial activation with small additions (Pig. 13). This type 





of initial activation is not only peculiar to zircon but other 
oxygen bearing minerals such as ilmenite (FeTiO^) and monazite 
(Ce liy (?0., ),) minerals also as seen from Figs. 14 and 15. 

ieta potential measurements v/ith IlagSiFg and Ka oleate 
at constant final pH values also show that there is an initial 
increase in numerical value of negative zeta potential followed 
by almost constant values at higher Ha 2 SiFg additions (Pig. 39). 

Sodium oleate adso3?ption on zircon in presence of vary- 
ing amoxmts of NagSiPg in solution and constant initial pH 9.0 
were determined (vide Pig. 29). The adsorption data for fluo- 
silicate on the mineral were not very reproducible due to the 
difficulty in estimating silicon and fluorine in the solution 
in presence of each other. The. main diffictilty lies in effi- 
ciently separating the Si and P“ before individually estimating 
them. Prom Pig. 29, it is observed that rapidly decreases 
with increasing Ha 2 SiPg additions. It is x^roposed* that 
lla 2 SiPg gives rise to HgSiO^ and P“ ions according to reactions 
VIII, 6 and 7111,10. At 20°, for the Na 2 SiPg concentration SiPg~ 
is reported (116 ) to he dissociated to the extent of 87 percent 
according to the eq.uations 7111,6, 7111.7, and 7111,8. 

* Though no value of ^^,4+ and are being reported because 
of the lack of sufficient reprottucihility, a few qualitative 
observations support the above contention about H 2 Si 05 being 
the active depressing species, Por example, it was observed 
that after adsorption, the supematent liquid contained diffe- 
rent proportions of Si4+ and P~ concentrations depending on 
the la 2 SiP 6 added. It was oh^rved that as the Ha 2 SiPg concen- 
tration increased the ratio S P”3/ tSi'^'^ 3 also increased in the 
supematent liquid. This suggests that SiPg" is not the sole 
species adsorbing. As is proposed, it is highly likely that it 
dissociates to give P“ and H 2 Si 05 and the latter then adsorbs 
in preference to P- ions on the surface thus increasing the 
above ratio in the supematent liquid. 
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ShuE, HjSlo, preferentially gets adsorbed or siroor as 

oonpared to fluoride and causes depression. Thus, It nay he 

postulated that noohanlein of depression mainly rests on for- 

ijation and preferential adsorption of w q,-n • 

xp.xjii 01 ii2bi03, since x eren 

if 3.d, SOX^bs d * h3.S "bGOIl fniTrifl ■i-r-' in-'-t irs 

een lound to te a poor depressor according 
to our investigations with EaP. 

VIII-5 AOIITilloiI OF FLOTATIOH il aiAIL ABDITIOh'S OF 

MOISEATORS: 

It has been stated In the previous seotio.na that small 
additions Of moderators aotltate llotation.Thls ha.s been fur 
tber confirmed by the parallel adsorption and seta potential 
measurements which show Increased sodium oleate adsorption 


noted. 


following aspects regarding this should he carefully 
Activation is caused hy the moderators Uaf, NapSif. and 


hagSiOj and is not poculiar of aaiy one of them. 

Not only sircon but ilmenite end monazite also exhibit 

"this bohEvioux*. 

There is a parallel Increase in the adsorption density 

of Ka oleate. However, this is evident only when the 
final pH is kept constant. 

Zeta potential also shows more negative values in the 
activation range. 
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ades, it Will be worthwhile to -t. 


t-f^ampies available 


'tfier 


iD the literature. 


don-:: by M.A. Eiffels fiPi'i qvi. 3 if 

b -i-s and liojicrousov ( 122 ) 


d that oocium silicate iu small quantity active 


flotation 


recovei^' of fl 


ites the 


uorite. 


carbonate minerals cerussite, malachite 

e collector used was iscamyl zanthate. Similarly 

Beloglazoi? et.al. (■\2 l<'s ■ a ^ 

\ -r) nouiced it in case of anatitp -n + ■ 

by oleic acid U3tog Ha SiO n- apatite aotation 

Na 2 Si 03 a. mocifier. i.s. Zakha.rov et. 

al. ( 125 ) have studied the react i.-n n-e a - 

xeaction of sodium sulfide on 

py^o^lo. aiicca aad ._iie. .He. iHai Ha , 3 addilica 

^ flotation while larger doses drasti- 

caxij , de crease it . 

Thus it is Clear that the aetivatloa ohserved is ^aite 
a .ereral phenceror with „o^,er hearing minerals. „ has 

oe=r generally observed with HaP, Ha SIP,, He,sio pa s a 

oo 2 6 ^ iva^S used 

1 lers, and xanthate as well as -Tattv acid /i 

tors ^ collec- 

Thus any explanation of the nhenonpn-ir, 

i*ne pnenomenon should he ffenerai 
in nature. b nerai 

iicti'Fatirig action ' 

been variously exnlained 

as being due to ( 126 ), 

i) Improvement in the froth. 

ii) Eeptisation of the ftae slimes, 
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iii) Change in the pH of the nedium, 

iv) HagSiO^ removes ‘unavoidahle ions* responsitic for 
coabir-ing with collectors into less acti’^e fora. Hone 
of these explanations seem to be convincing, 

Erotb stability alone cannot explain enhanced flotation 
which distinctly involves Increased oleate adsorption in the 
solid-liquid interface. Besides, single bubble flotation 
experiments (126 ) in which froth stability is not crucial 

have also sho?m activation effect. 

Peptisation of fine slimes also appears to be untenable 
as the exclusive mechanism. In adsorption and electrokinet ic 
measurements, it does not come into the picture. Secondly, 
the flotation samples of zircon, monazite and ilmenite con- 
tained absolutely no fines and yet showed activation. Thirdly, 
except Na 2 SiO^, no other moderator is kno\TO to be a peptising 
reagent. 

Change in pH may definitely change recovery. Hence 
experiments were performed by keeping final pH constant. If 
instead initial pH is kept constant, then final pH varies 
and equilibrium condition does noi remain constant as regards 
pH. Probably this is the reason why at initial constant pH 
value S.J the increased adsorption of oleate is not observed. 

The fact that it is observed only when final pH is kept constant 
rules out the pH charge as a factor underlying the phenomenon. 
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The fourth explanation "^iz. , moderator combining with 
ions v/nich otherwise react with collector to foir less active 
forms also seemvS to he unlikely in the light of the fact that 
all the moderators var^'-ing in chemical nature r^'r not be expected 
to. behave similarly. 

It is obvious that the Increased flotation activity is 
due to increased cleat e adsorption. How, the q.uestion is, as 
to what enhances adsorption at lov/er additions of the moderator. 
According to Stem-Grahame treatment of the double layer (Sec- 
tion ¥1-1) the adsorption density is a function of the con- 
centration of the species i, its radius, and adsorption poten- 
tial as given by the equation VI. 1 which is reprodu-^ei h‘=~'e. 

^i " 2 ^i (- %/S3)) (VI. 1) 

whe re , 

\ = ZPVg +w.|.W2 

The w’ork of adsorption W. comprises of three terms. The first 
is due to the coulumbic attraction. The second ^ - due to the 
chemical affinity between solute end the solid surface, and 
the third is due to the vcn der waal’s interaction between 
collector molecules* 

It has been ^already shovm in Chapter VII that sodium 
oleate adsorption on zircon is due to van der waals interaction 
betv/een the hydrocarbon chains. How, the zircon surface is 
negatively charged, and therefore, electrostatic interaction 
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term is most fa.vourable for positively charged ions like Ila"^ 
ions in the systems under study. On the other hand, it is un- 
favorable for negatively charged ions like P", 01", SiO^" and 
SiPg if present. However, it does not matter for oleate 
adsorbing through van der waal's interaction which is suffi- 
cient to over come electrostatic repulsion term, The presence 

* 

of sodium ions in between the oleate ions decreases the repul- 
sion betv/een their similarly charged ionic heads. This induces 
greater adsorption of oleate ions on the mineral surface and 
enhanced flotation recovery. 

At . higher concentrations of the moderators however the 
appropriate depressor anionic species manage to adsorb more 
and more, and thus depression is observed. This is evident from 
actual adsorption values. 

To summarise, (1) the presence, of Ha'*' ions at the sur- 
face causing reduction in the repulsive interaction of ionic 
heads of the oleate chains and (2) van der w'aal’s type adsorp- 
tion of the oleate chains augment the flotation recovery. The 
rasults indicate the need of measuring adsorption of la'*’ ions 
on minerals to check the above postulate regarding activation 
by the sodium salt modifiers. This is a fit subject for future 
experir. entation. 



CHIPTER IX 


CON CLUSIONS 

In this last chapter, the concliisions ecierging out of the 
present iin?estigation3 will he summarised. 

It is OD served that in case of the elect rokinetic beha- 
viour of zircon in aqueous solutions of XCl, zeta potential of 
zircon remains negative in alkaline as well as acidic pH range. 
Thus it is not possible to locate the zero point of charge 
(zpc). The unusual behaviour observed in the acidic pH range 
where zeta potential would be nomiallj'' expected to be positive, 
has been explained on the basis of the preferential dissolution 

* 7 " 

of Zr'^ ions from the surface into the solution and specific 
adsorption of Cl ions as well as some nega.tively charged 
hydroxy chlorocomplexes. 

At higher pH values the zeta potential curves for diffe- 
rent KCl concentrations merge into the line obtained without 
any KCl addition at appropriate points. Thus, in higher alkaline 
lange, 0H“ ions are the sole potential determining species. 

The adsorption isotherm of sodium oleate on zircon was 
classified as S-type according to Gile’s scheme. 

It has been concluded on the basis of the nature of the 
adsorption isotherm for sodium oleate, effect of temperature 
on adsorption and the infrared evidences that the adsorption is 
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mainly due to the van der waal's attractive forces between the 
nydrocarhon chains of the collector. and physical in ratine. 

The active adsorbing species is the ole ate ion. The 
magnitude of Tq!- solely dependent on the ionic oieate con- 
centration foi”] which is a function of pH in the lower pH 
range. The magnitude of this concentration is governed by the 
hydrolytic dissociation of the sodium oieate at any pH in this 
range. 


In alkaline range, hydrosyl ions act as competitors to 
oieate ions and thus affect the magnitude of Pq]^- predominantly. 


A quantitative relationship characterising the pH depen- 
dence of has been proposed as, 




3 K,; 


k-jCS/.Hh + K„) + S J 


s [h"^] 


m 


K. 


f [H'^1 


It has been shown that values calculated from the above 
equation agi^e well with the experimentally deteimined values. 

Similarly, on the basis of a semi-empirical treatment 
an equation to quantitatively describe the pH-dependence of 
flotation activity is found out to be. 


V^o = 


1 + 




E 




KvLh'^3 Kv [H+j^ 


+ a^- 

\ 1 


^ Ki, tH+i2 ^ 


M 
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S 

It "has beer, shown that from the above equation, the Baby’s 
law, v;hich characterises the critical contact phenomena, can be 
derived. The Barsky slope thus calculated v/as found out to be 
0.73 which agrees quite well with the experimentally determined 
slope of 0.675. 

The correlation between the flotation recovery and ad- 
sorption as 'well as seta potential in the zircon-sodium oleate 
system was brought out with the help of superposition of the 
curves showing their variation with sodium oleate concentration 
and pH on one single diagram. It is observed from these dia- 
grams that the two phase solid-liquid interfacial parameters 
e.g. zeta potential and adsorption density are in general corre- 
lative with flotation. This is quite expected in view cf the 
fact that fQ^_ governs both zeta potential and flotation reco- 
very if pH is kept constant. However, in each type of measure- 
ment the particle size was different and hence exact correlation 
is some what obscured. This is evidenced by the absence of 
single straight line relationship when correlation diagrams 
between flotation recovery and as well as zeta potential 
and pQT were plotted. In spite of the difference in particle 
size, the straight line correlations over limited ranges are 
remarkable. Similarly, correlations are obtained when pH is 
a variable. 

It has been shown that under the critical contact situa- 
tion, and zeta potential curves for different sodium oleate 
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concentrations merge into one curve. Also Pqj_- versus 
log ’i_ 01 i/ (pH~] plot iDrings out the critical significance of 
the ratio. It has been suggested on the basis of 

these experimental findings that at critical contact, the hydro. 


xyl ion concentration singularly determines the zeta potential, 
the electrode potential as also the magnitude cf 


In case of zircon-sodium oleate-moderator system at 
small additions of NaJ?', Ifa2SiO^ and HagSif'g a distinct activa- 
tion effect is observed. This has been further confinned by 
increased adsoiption in the activation range of sodium oleate 
and increased numerical value of the negative zeta potential. 
This activation effect has been critically examined in the 
light of the explanations given for similar cases in literatui^. 
lone of those are found to he convincing. It is proposed that 
the adsorption of Ha ion causes greater adsorption of collec- 
tor species by decreasing the repulsion between the ionic heads 
of the hydrocarbon chains. Further work on the adsorption of 
sodium ions is required so that the above' mentioned explanation, 
may be substantiated. 

At large additions of IJaF no appreciable depression effect 
was found while adsorption of sodium oleate did decrease. The 
action of HaJ in decreasing adsorption is essentially exchange 
type, 


M] - 01 + F” 


l|]_ F 4 - 01“ 
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over a rarge of UaP oorcertratlor. i^s has boor oapporteS 

oy the constancy of fp n % m, 

' 01 ~ 1 p-)* T*-us, the oieate and fluoride 

ions have common sites over a ranffe o-f 

range ox riai? concentration. At 

higher riaP concentrations the •finr-.---’ 

i^Ko, the fluoriae icns seek additional 

sites for adsorption. 

Zeta potential results for the above system can be ex- 
plained on the basis of the observed adso^tion trends. Shen 

sodium silicate is used, the depression i ^ n ■+ 

1^ lO-i IS Quite pronounced and 

on the basis of adsorption and zeta ^ .. 

r X ojiu zc-xa pouenbial studies, it has 

Iseen suggested that the neutral f ^-.-a - ..i 

r_i n2Si02 is the predominant 

adsorption species and is resnnncii'hi 'o -p 

IS responsible for ac-pression. Here also 

the constancy of p + p_ ’ 

01 hagSiOj Within certain FagSiO, concen- 
tration ranges indicates common surface site^ -rr* h 

suiiacL, oitfs ±or adsorption 


of oieate and H.5SiO.,,. 


Scaiui.1 fluosilicate also shows a pronounced depression 

effect which is accnmr.Am -' -u - 

ciccompanisd by a aeerAf>c!'' -in j. 

. . ^ uecre..be in collector adsorp- 

T^ion. Due to analytical difficulties ad-A^+- ^ .. 

? "■ ■^0 Ip 1^1011 studios could 

not bs made fop I’la^ *^1 ¥ * 

2 6 * proposed that ifa^SiDg hydroly- 
tically dissociates to p- c;,-n ^ t-,- 

g - ^12010^ ana P ions and HpSiO-. acts 

as a predominant depressing species. 

la the ehd It wuld be wrth while to mention to brief 
about the typee of meaeuremeuts mentioned to the present wor. 
and their relevenoe to the notation studies. Ihls discussion 
IS meant to be a pointer towards future investigations. 
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Although Quantitati'V'e correlations between flotation 
recoT/ery and adsorption density have been cbtained for linited 
ranges in the zircon- sodiim oleate system, no single linea.r 
correlation could be obtained. This is partly duo to the par- 
ticle size difference v/hich is inevitable. This point has been 
discussed in Chapter VII page 153. 

Iji flotation systems, the particle size has to be kept 
comparatively coarse to avoid slime foirmation. Ho^vever, the 
adsorption studies for the same size range are not possible 
due to a very small surface area available for adsoipt ion. This 
would result in such a negligible change in the initial and 
terminal concentrations that the difference may not be detect- 
able . 

In collector-depressor systems, the problem of corre- 
lation becomes more complex as the flotation recoveiy now is 
a fiaiction of collector adsorption density, depressor adsorp- 
tion, pH etc. The magnitudes of adsorption of the collector 
as well as the moderator species contribute tov^ards the change 
in the solid-liquid interfacial free energy which is probably 
the most relevant parameter determining the flotability of a 
particle. Gibbs adsorption equation is one of the tools for 
computing the change in surface free energy from the mea- 

sured adsorption data for all relevant species. Hov/ever, the 
applicability of this equation to complex flotation systems 
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xs far froB. staple, as it tavotaes the regairemerts of the 

t^:: " -- -ersihilit. 

on one coula assume reversibn i+-r ■ 
tvi. , IS not clear. Added to 

‘•iio one nas to take gstp n-p n 

temptin- to ' Present, it is 

Oh ,,ell leftaeh systems 

=on otarrg to Grbb.s requiremerts (for the applicability of 

eouatroh) B^y ,e uraertaken and e,uatior,s on the Itaes of 

those developed by Ohattorai ntpl • 

“ ( 3j) inooiporating the double 
-layer consideration q in r-:KT,t 

^ -ad- be applied with 

o^aYantage ,, 

Itom a more practical point of view it rro -k 
to conduct similar studies on the nt>i ^ 

the beach sand, so that best conditi nno e 
could be established. 

ship, foT jr''" a^-cture-flotabUity relation. 

Po foi silicates and other i 

tanort paraihotmt 

taportaaoe as nore and more complex ores of thf- ■ 

be encountered in future ms. 

onlndivd 1 ' ^ ^'“‘iamental studies 

on individual minerals would unravel r^+-^ 

rational generalisations 

in this regard. 
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APPENDIX A 


CARBONYL SPHEfCHlHG PBBQUSHCY OP METAL OLEAiEBS 

Caxbonyl (G=0) antisymnetric stretching frequency in the-.. 

infrared spectra of metal oleate R — C is characteristic 

^ 0 - M 

of the oleate s and is dependent on the metal cations, Tte 
vibration frequency is dependent on the masses of the atoms 
bonded and force constant and is given by, 

- 1/2 / k(1/m^ + 

where i) - vibration frequency 

®A’™B"” masses of the bonded atoms A and B 
k - force constant. 

The above equation is true for a. system containing two 
atoms and undergoing simple haxmonic motion. However, similar 
though more c<mplez equations would be followed by the systems 
containing more than two atoms. Therefore, the vibrational fre- 
quency of bonded atoms is directly pi»portional to the force 
constant of the hond. In turn, the force constant of the bond 
is related to hond length hy the equation suggested hy 
Gordy (127) which is, 

. Ic = aH (X^ Xg/ + h (1.2) 

where a and h - constants 

H - hond order 

L - hond length 



ar.d an-.* X, - electronegativity of the atoms, A and 3. 

.sr.ea, increase in force constant v.'orld m3an a decrease 
xnus the change- in frequency cf carbonyl group 


in bona If 


Lndi- 


due to the meseiice n-f h ■ 

aix„-^r„iit.- cations nearby ivculd al 

cate ..cotner tne bonds aare increasing or decroasin-g in length, 
.ccor.ling to Cartledge (128) the extent of pclarisat^rl' orlhe’ 
anion by tbs cation is given by the ratio of valence to radius 
of the cation i.e. 2/E. m case of xanthates tne C=3 frequency 
was found to be the function of 2/3 and a straignt line rela- 
tionship was obtained (i»). However, 'when similar plot was 
attempted ipi^Slil in case of the Carbonyl stretching frequencies 
of the metal oleates, no single straight line was obtained. 
Instead, 3 separate straight lines with cations of the same 
valency falling on the same straight line were obtained as shora 
in Fig. n. The corresponding data finds place in Sable ¥. 

This clearly indicates that the C=0 stretching frequency is not 
a function of cation valency (Z) but of R only, .accordingly 
an excellent straight line plot was obtained between frequency 

^ as snoun in Fig. y np • _t_ 

DC. inereiore, n. is teny-ing to suggest 

that only monovalent compounds of the tyres, 


0 


X 


0 




:g - R 


are formed at the solid substrate with other valencies of the 
metal cations being satisfied at the solid substrate, in case 
of lead xanthate such a monovalent compound has been suggested( 



220 


fable T 

Carbonyl Stretching Frequenc y and R/Z Rati o of 
Different Metal Oleate s 


Cation 

c=o 

Anti.eym, 

Mode 

Z 

Radius 

V 

R/Z 

Reference 

Be++ 

1623 cm"*^ 

2 

0.51 i 

0.155 

130 

Na'*’ 

1540-1555 

1 

0.95 

0.950 

130 

Fe-^-^ 

1520-1540 

3 

0.65 

0.217 

130 

Ca^-" 

1560 

2 

0,99 

0.495 

131 

Ba-^-^ 

1515 

2 

1.35 

0.675 

131 

.V -H-f 

Iia 

1550 

3 

1.15 

0.383 

132 


1510-1535 

4 

0.68 

0.170 

152 

Cu^^ 

1585 

2 

0.72 

0.360 

153 

• 1 +++ 

1563 

3 

0.50 

0.170 

154 

Ag**" ■ 

1560 

1 

0.89 

0.890 

135 



Ar:?MDlX B 


ON SEECXES QI ZIRCON 1:1 A'/JBCUS 
a3LOTIOIS 


I'fee theCTodynaaic data on the species that aie likely to 
be loCTied while zircon is in contact with water are gi^n in 

this appendix. Fne free energy of foinaticn of irSiO,- has been 
calculated indirectly a,s follows: 

Snergy of Eormation of Zx SiO-: 

E. Kosen aid Amulf Maim (136) have fcimd sut the free 

energy of the reaction 

2r02 SiOg = ZrSiO^ 


in the temperature range between 1180°C to 1366^ 


reported are 


C. ihe values 


Temperature 

Kcal/mole 


1 180 
-2.38 


1242 

■1.98 


1 30C 1366 

-1. 64 -1.29 -r 0. 1 


The fr^e tnergy of reaction at room tempeiature A GSgQ(r) 
was found out by linear extrapolation to 25°C to be -9.0 Ecal/mole 
as shomi in Big. 74. Bow, AgJ for Zr02 Si02 are -Wm 

-2,58€ Kcal/mole and -I 90.9 Ecal/mole respectively. Hence from 
the above reaction 'm have, 


(ZrSiO^) = - 444.3 Kcal/mole. 



Tabla 


VI 




for Individual Snecias 


Species !Mf ^ 

I'Ical/mole 

- 78.66 

- 78.66 
-153.6 

0.00 

- 54.957 

- 68.3174 
-558.5 
-136.00 

- 223. 1 

ZrO(OH)2 (c)-338.0 
ZrO(OH)2 

Zr(OH)^ (c) -411.2 
Zr(OH)^. (h) 

ZrSiO^, 

H^SiO_,, 

H,SiO,[ 

H2Sii’g (aq) -557.20 

HgSiO^ (c) -270.00 

SiO,= 

Si02 )-205.4 

Si02( glass) —202.5 
Zr02 -258.2 

ZrOg (h) -283.5 


-349. 10 


HF(aq) 

HFgC aq) 

On (aq) 
H20(1) 

SUg ( aq) 
-NaF (c) 
Zr^+(aq) 
ZrO++(aq) 
HZrO^Caq) 


•At 

f 0.& f 


cE.l/deg.inole 

Kcal/r.:le 

- 2,3 

— 66.00 

2.6 

- 70.41 

0.5 

- 137.5 

0.0 

0.00 

- 2.519 

- 37.595 

16.716 

- 56.690 

- 12.00 

-511.00 

14.00 

- 129.3 

— 

-142.0 

— 

-201.5 

— 

-287.7 

0 0 

C. • C-. 

-311.5 

— 

-254.81 

31 

-370 

— 

-256.62 

— 

-444. 3 

43.40 

-312.80 


-300.70 


-300. 10 

" 

-244.5 

— 

- 212.0 

10.00 

- 192.4 

-190.9 

11.2 

12.03 

-244.4 



Table VII 
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.I'liiilibriuE Constants 

for "Varioiis P~c- 

•'cti.-ms 

— — ,, 

|. ■ • .w » »». 




SI 

• U • 

Reaction 

Kcr.l/ncle 

* K 

1. 

2rSiO, + 

4HoO == 

€1 



1 . 

2rSiC,, -1-4110 0 

•4- ■ii 

== H,ZrO,(H)-HH,SiO. 

+ 112.74 

8.51x10"®^ 


ZrSiO^-4HoO 

‘T C. 

44 ^ 4(0 )+H^3iO^ 

0.64 

2.906 

3. 

H.SiO, = 

4 4 

=== H 2 Si 05 (c)-i-H 20 

0.49 

2.262 

4. 



+ 56.20 

2. 14x10“^° 

5. 

H^ZrO^(c) 

H 2 Zr 05 (c)-HH 20 

+ 1.81 

7.633x10“”' 

6, 

K42^04Cb) 

H2Zr02(h)-HH20 

- 54.88 

5.248x10"^^ 

7. 

Zr^^T2H20 

= ZrO''"^ -f 2H'^ 


8.71 X 10 "^ 

8. 

2rO++^2H20 

= H£rO^~ + 3H'^ 


10“19.95 

9. 

ZrO^ 

= + 40K- 


6x10“^® 

10. 

HgZrO^ 

ZrO""" -r 21"- 


3x10“^^ 

11. 

HoZrOo 
' ;3 

HZrO, + 

J 



10 - 17.95 

12. 

E2Si0j 

HSiO^ T H ' 



IQ-IO 

13. 

E3i0^“ 

,SiO^ T* K ' 


10“'’^ 

14. 

Sii'o -}-2HoO : 

■■' - SxOg, 4“ ' “r 6?"* 

+ 36.50 

2x10“^*^ 

15. 

Silg= 

= Sil. -r 21“ 

*v 

19.00 


16. 

3SiP^ + 3H20= 

= ZHgSiPg -f HgSiO^ 

- 14.0''. 




.iPPENDIX G 


PLUOPESCEiTCL .3L STH'J-.CS JJiS.. PSPER- 

:.iE.-ii oy OP ziRcop sr.i?is 

Surf ace Erea Dete rcii natio rr of Zircon S_c^_pjlej 3 : 

Pbe surface detaimino.tion of the zircon sample used for 
adsorption studies was done hy a method in v/hich p-nitrophcnol 
is used as an adsorbing species. The details of the method are 
gii?en by C.H. Giles (7t). adsorption isotherni of p-nitro- 
phenol on zircon was detemined, doueous solutions of p-nitro- 
phencl of appropriate strength were used. 2 gras of the dry 
zircon powder were trazisferred in different glass bottles and 
25 al. of p-nitrophenol solutions were added, dfter vigorous 
shaking for half an hour the bottles w'ere kept in ?. theimosta,t 
for about 6 hours after which the supematent lipuid was 
analysed coloriraetrically. The pH was mainta.iiied exactly' at 
7.00 + 0.05 and the transmittance c.s well as absorbance was 
measured at 400 myw . 

The a.dsorption isotherm so obtaiiied is given in Pig. 75. 
Prom the ploteau of the curve the surface area of the sample 
was calculated to be 2.414 neter /gm. The cross-sectional area 

grt. 

of p-nitrophenol molecule was taken to be 25 as per Gil^s 
suggestion. 

X-ray Pluorescence Analysis of Zircon : 

X-ray fluorescence pattern of zircon was taken with 
tungsten as a target material. The pattern is given in Pig. 76- 
Por the sake of comparison litemture values of d spacing? are 
tabulated in Table Yiii.Ro impurity except Hf has been detected. 
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Table YIII 



—5-ay 

lat'cem 

_of SrSiO. 




■ ' '* r 


hki 

1.1 ^ 

I 

hkl 

d(„0 

I 

101 

4.43-1 

45 

532 

1.G59C 

7 

r> 

3.302 

8 W -.J 

^ ^ 



211 

2.65C 

1 

523 

1.0505 

7 

112 

2.516 

45 

620 

1.0442 

5 

22C 

2.336 

10 

325 

1.0015 

1 

202 

2.217 

8 

116 

0.9745 

5 

301 

2.066 

20 

631 

0.9713 

5 

103 

1.908 

14 

415 

0.95S2 

1 

321 

1.751 

1 1 

613 

0.9532 

1 

312 

1.712 

40 

701 

0.9321 

1 

400 

1.051 

14 


•'.9201 

2 

411 

1.547 

4 

543 



00‘^ 

1.495 

3 

640 

0.9157 

■ 4 

420 

1.477 

8 

316 



332 

1.381 

10 

552 

0.899-- 

5 

204 

1.362 

7 

712 

0.8915 

5 

431 



604 

0,0863 

7 

501 

1.290 

5 

525 



224 

1.259 

8 

624 

0.8561 

5 

413 

1.248 

3 

703 

0.8527 

2 

512 

1.1883 

1 1 

732 

0.8329 


n 

1.1672 

2 

723 



404 

1.1079 

5 

800 

0.8256 

1 

600 

i.iooe 

5 

741 



611 

1.0o32 

1 

811 

0.8166 

3 



1PPE3DIX D 


E XPS Rr 4X BATA OB FLOTATIOA 

Table IX 

2^ jhe Lap oratory Glass Plot at ion Cell 


Percent solid 

10 

VoliuEe of the Cell _ 

375 ml 

Conditioning tine - 

4 minutes 

Flotation tine 

2. 5 minutes 

Rate of aeration 
during flotation 

2 litre/min 

Mineral cal cite 


Collector - Sodium 

oleate 

Fro the r _ Dowfrot 

h - 250 

Amount of Fro t her: 

4 drop s 


Concentration of 

ria Ole ate (nolo/lit) Percent recovery 


1. 

9.498 

X 

10-5 

32.23 

2. 

9.498 

X 

10“^ 

32.30 

3. 

9.498 

X 

10"^ 

32.23 

4. 

9.498 

X 

in 

1 

O 

32.43 


Table X 


{ 



Effect 01 

Sodi'am 

Ole ate Concentrat ir-,n nn 

th6 


li 

Qxat ioii 

^jc every of 

lircon 







SI • 0 . 

-la 01 

e at e Concent rat 1 n n 




(jTiole 

/lit) 

(Sig/l) 

Final 

pH 

Percent 
He cover 

1. 

0.37S 

X 10“^ 

28.60 

9.00 

62.50 

2. 

1.875 

2 10~5 

57.14 

9. 15 

74.69 

3. 

2.829 

X 10“"^ 

66.00 

9. 12 

75.71 

4. 

3.948 

X 10"'^ 

120.00 

9. 13 

87.54 

i~ 

J ■* 

5. 168 

X 10“^ 

157.10 

9.02 

90.88 

6. 

6.579 

X ^0-^ 

200.00 

9.00 

97.00 

7. 

8.453 

X 10“"^ 

257.00 

9. 12 

98.86 

8. 

i.060 

2 10“^ 

322.00 

9.12 

75.00 

9. 

1.122 

X 10“^ 

343.00 

9.25 

31.03 



Table XI 


r- ‘ 



■ofi';: ct of pK on 

the Flotation 

Recovery 0 

f Zircori 



Sodium Ole 

at_e 


Sl.y 

0. :7o01 

7 - 1 : e r nt rat icr. ^ inai 

(i;.olo/lit ') P" 

KPercent 

Recovery 

“lotaticn 
Act ivity 

1. 

6.579 2 10"“^ 

5o 

12. 18 

0.158 

2. 

6.579 X IC"*’’' 

4.95 

19.74 

0.203 

3. 

6. 579 X 10"^ 

5.35 

57.81 

0.594 

4. 

6.579 X 10“'^ 

5.75 

78.52 

0. 307 

5. 

6.579 X 10“^ 

5. 35 

79.75 

0.320 

6. 

6.579 X 10“^ 

6.85 

96.80 

0.995 

7. 

6.579 X 10"^ 

s, 65 

97.31 

1.000 

3. 

6.579 X 10 “"^ 

8.70 

95.20 

0.978 

9. 

6.579 X 10 '"^ 

9.80 

^' 8 * 04 

0.2BS 

10 . 

6.579 X 10 "^ 

5.9€ 

. 42 « 34 

0.440 

11 . 

3.948 X 10""^ 

3.96 ^ 

C 'C? 

# 1 ]) 0 

0.038 

12 . 

3.948 X 10“'^ 

4.70 

12.77 

0.135 

15. 

5.943 X 10 “"^ 

5.15 

39.86 

C.421 

14. 

3.948 X 10“"^ 

5.35 

60. 10 

0.634 

15. 

5.948 X 10“^ 

5.90 

30.46 

0.849 

16 . 

3.948 X lo”"*" 

6.15 

79.62 

0.840 


17 . 


Contd 
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Sl.'Jo. 

!Ta01 

C on cent rat i on 
(laole/lit ) 

Pinal 

pH 

Percent 

Recovery 

Flotati 
Act ivit; 

17. 

3.948 X 10"^ 

6.75 

83.04 

0.930 

18 * 

3.948 X 10""^ 

7.05 

94.77 

1.000 

19. 

3. 948 X 10“^ 

7.55 

93.40 

0.986 

20, 

5.94S z 10"^ 

8.18 

91.22 

0.963 

21. 

3.948 X 

9.28 

42.35 

0.452 

22. 

3.948 z 10"^ 

9.90 

6.21 

0.065 

23. 

1.875 X 10“^ 

4.80 

12,71 

0.144 

24. 

1.875 z 10""^ 

6,55 

85.80 

0.972 

25. 

1.875 z 10""^ 

7.50 

85.45 

0.968 

26. 

1.875 X 10""^ 

7.85 

88.28 

1.000 

27. 

1.875 X 10"^ 

8.60 

66.85 

0.757 

28. 

1.875 z 10"^ 

9.20 

24. 16 

0.274 

29. 

9.597 X 10"^ 

4.85 

13.84 

0. 167 

30. 

9.397 X 10“5 

5.05 

8, 16 

0.098 

31. 

9.397 z 10~- 

5.55 

60 . 3 3 

0,728 

32. 

9.397 X 10~^ 

6.05 

76.42 

0.923 

33. 

9.397 X 10“5 

6,40 

82.81 

1.000 

34. 

9.39? X 10“^ 

7.09 

78,32 

0.946 

35. 

9.397 X 10"^ 

7.55 

81.62 

0.986 

36. 

9.397 X 10“^ 

8.55 

26.87 

0.324 

37. 

9.397 X lo”^ 

8.95 

8.18 

0.099 




;Ct, O 


Table XI I 

gluorlde Ad diti ori cn the 
Flotation Recp-veF/ of Zircon 


. IlaF Con cent ra t ion 
3* sTl !3oIe71’'iTr 


:'inal , Percent 
pH Recovery 


1. 

0.00 

0.000 

9.70 

46. 

.17 

2. 

26. 57 

6.803x10“^ 

9. SO 

75. 

.44 

3. 

28.57 

6.803n10“‘^ 

9.65 

79. 

.21 

4. 

57.44 

1. 368x10“^ 

9.68 

76. 

,76 

5. 

100.03 

2.381x10"^ 

9.74 

78. 

.96 

6 » 

171.48 

4.063x10“^ 

9.70 

82. 

.45 

7. 

228.64 

5.444x10“^ 

9. 65 

82. 

56 

8. 

357.50 

6.513x10“^ 

9.67 

77. 

67 

9. 

429.00 

1 .020x10”^ 

9.65 

76. 

38 
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Table XIII 



Effect of 

So_liuii! Silicate 

Addition cn 

the 




notation of Zi 

rcon 




„ .-ia^ciiO, Con 

Concen-cratinn ^ 

cent rat ion 

Final 

pK 

3“ S2?G^P’i> 


nole/lit 

ffig/1 

isole/lit 

?.ec every 

1. 

6.579x10"“^ 

0.00 

o.co 

9 • 00 

97.00 

2. 

6.579x10"'^ 

21.43 

1.530x10“'^ 

9.13 

94.97 

3. 

6.579x10"'^^ 

28.60 

2.042x10“*^ 

9.04 

96.65 

4. 

6.579x10"^ 

71.43 

5. 100x1 0"*”*' 

9.06 

94.73 

5. 

6.579x10"'^ 

143.00 

1.021x10“^ 

9.20 

65.53 

6 , 

6.579x10"^ 

185.90 

1.327x10“" 

9.23 

35.91 

7* 

6.579x10“^ 

228.80 

1.633x10“^ 

9.29 

14.87 

8. 

4.934x10“'^ 

0.00 

0.000 

9.47 

57.59 

9. 

4.934x10“'" 

7.14 

5. 105x10“^ 

9.50 

64.92 

10. 

4.934x10“^ 

14. 26 

1 .02 1x1 0“'"^ 

9.47 

48.23 

11. 

4. 9 34 X 10“"'' 

28.57 

2.042x10“'^ 

9.48 

32.96 

12. 

4.934x10“" 

57.16 

4.030x10“'^ 

9.50 

19.68 

13. 

3.9480110“'^ 

G.CO 

0.000 

9.13 

87.64 

14. 

3.946x10“*'' 

14.30 

1.021x10“"^ 

9.10 

90.91 


ccntd, . 



SI • I'T 0 • 

lir.Ol 

Ccncentrat ion 
niole/lit 

:ia..SiO.. 

> 

Concentration 

Pinal 

pH 

rercent 

Recc'’;fciy 

mg/1 

mole /I it 

15. 

3. 948x1 

21.-3 

1.530x10“^ 

9. 18 

95.48 

16 . 

3.945x10““' 

35.71 

2.550x10"''^ 

9.14 

32.32 

17. 

3.948x10"'^ 

50,00 

3.572x10“'^ 

9.14 

92.49 

18. 

3 •548x10 

114.30 

8. 160x10“^ 

9.17 

71.88 

19. 

3.948x10”^ 

171.43 

1.224x10“^ 

9.28 

15.44 

6 

CM 

2.829x10“^ 

O.OC 

0,000 

9.12 

75.71 

21. 

2.829x10“'^ 

14.30 

1.021x10“^ 

9.00 

80.89 

22. 

2.629x10“^ 

21.43 

1,530x10“'^ 

8.99 

71.58 

23. 

2.829x10"'^ 

35.71 

2.550x10"'^ 

9.01 

70.68 

24. 

2.823X10”'*'' 

57. 14 

4.080x10“'^ 

8.97 

49.21 

25. 

2.829x10“"^ 

114.3 

s. leoxio""" 

9.22 

28.19 



23 ? 


Table XIV 

5 fie ct of Sodium F luo silicate Addition on 
the Plot a t ion Re co ve ry of :.irc on 


X ♦ * : 0 # 


'aOl 

-'it' i r 

KapSiF^ 

Concentration 

Final 


Til ’U- y 

lit 


mole /lit 

u I* 

1. 

6.579 

X 

10“"" 

0.00 

0.000 

9.02 

2. 

6.579 

X 

10”^ 

14.30 

7.588x10"“^ 

S*9S 

3. 

6. 579 

X 

10“"' 

2S, bC 

1. 522:-iO“" 

9.05 


6.579 

X 

10“^ 

57.20 

3.0 42x1 0“‘'' 

9.03 

5. 

6.579 

X 

10"'^ 

85.80 

4.564x10“'^ 

9*01 

6. 

6.579 

X 

10"^ 

128 . 6 c 

6.841x10"^ 

9.02 

7. 

6.579 

X 

10"^" 

157.14 

8. 356x10“*^ 

3.97 

8. 

6.579 

X 

10"^ 

171. 6C 

9.126x10"''^ 

9.05 

9. 

3.948 

X 

10-4 

O.CjC 

0.000 

9.13 

10. 

3.948 

X 

10""^ 

4.29 

2.232x10"^ 

9.07 

11. 

3.948 

X 

10-4 

8.60 

4.564x10’'^ 

9.06 

12. 

3.943 

X 

10~" 

28.60 

1 . 522x10“''' 

5''.02 

13. 

3. 9 ‘-3 

X 

1C“" 

42,86 

2.279x10”'^ 

9.00 

14- 

0 . 9-!-8 

X 

10“*^ 

100.00 

5.319x10'"‘‘ 

9.20 

15. 

5.948 

X 

10“" 

114.30 

6.078x10"'^ 

8.97 


Percent 

Recovery 

79.77 

83.64 
88.98 
86.62 
87.66 
78.45 

36.38 
37.23 

77.64 
84.67 
35.59 
89.71 
34.76 

70.39 
37.86 


Contd 



Corit d, . 


SI.'JD. 

:Ia01 

Concentration 

molC'/lit 

NagSiFg 

Concent r3.t ion 

Final 

Percent 


rag/1 

raole/lit 

pH 

Recovery 

16. 

3.946 z 10"'' 

145. CO 

7.5S3Z1C"'" 

9.C5 

36.64 

17. 

3.9-r6 X 1C“‘' 

171.45 

9. 116x10“*^ 

9. 15 

8.01 

00 

• 

2.829 z 10"'" 

0.00 

0.000 

9.12 

75.71 

19. 

2.829 z 

5.72 

LTV 

} 

a 

N 

CM 

O 

9. 10 

77.91 

20. 

2.829 X 10“"^ 

11.44 

6.078x10“^ 

9.22 

79.56 

21 . 

2.829 X 10~^ 

17.16 

9.110x10"^ 

9. 12 

81.36 

22. 

2.829 X 10"^ 

28.60 

r. 522x10“^^ 

9.10 

80.65 

25. 

2.829 X 10“^ 

42.86 

2.279x10"^ 

9. 10 

78.65 

24. 

2.829 X 10“^ 

76.56 

4. 178x10“'^ 

9.12 

66,25 

25. 

2.829 X 10“"^ 

100.00 

5.519x10"''' 

9. 16 

46 . 01 


Table XV 



i:jf.fect of 

82511 ^ Concentration on 

the 




ri ox at ion 

of Sone Beac’n Sand rineia.ls 










SI. 

1x0 * 

liaOl 

C on cent rat ion 
mole /I it 

HjSlFj 

wUll C&llX XBX XOil 

Final 

pH 

Percent i^ineral 
S.eco'very 


mg/1 

mole/lit 

1. 

4. 111x10~-’' 

2.80 

1.945x10"^ 

8,18 

64.00 


2. 

4. 1 1 1x10~"^ 

17.35 

1. 204x1 0""' 

8. 16 

49.50 


3. 

4.111x10"^ 

40.45 

2.808x10“^ 

8.05 

87.80 

Zircon 

4. 

4. 111x10““" 

57.80 

4.076x10“-" 

8.17 

90.00 

(Travancore) 

5. 

4. 111x10"‘" 

86.70 

&. 018x10"^ 

7.98 

6 1 . 00 


6, 

4. 1 1 1x10“'" 

115.60 

6.028x10“''' 

7.84 

49.00 


7. 

3.453x10“-" 

11.56 

8.028x10“^ 

10.00 

26.70 


8. 

5.453x10“’’' 

28.90 

2.. 006x10“''' 

9.95 

47.30 


9. 

3.455x10“'' 

57.60 

4.076x10“'" 

9.85 

53,50 

Kona z it e 
(Travancore) 

10. 

3.45'3x10"'" 

36.70 

6.018x10“'" 

9.35 

55.85 


11. 

5.455x10"'^ 

115.60 

8.023x10"'" 

9 . 96 

57.40 


12. 

3.453x10“'^^ 

1 56,00 

1.083x10“'^ 

9.82 

35.80 


13. 

4.440x10“"'' 

O.OC 

0.000 

10.00 

52.00 


14. 

4*^'TOxiC 

60.00 

4.167x10"'" 

10. Oh 

63.50 


15. 

4.4-0x10“'" 

80.00 

5.555x10"'" 

9.94 

72,50 

Ilmen it e 
(Travancore) 

16. 

4.4v0x10 " 

120-00 

8.-333x10“'" 

9.88 

30.00 

17, 

4.440x10“"" 

160.00 

1,111x10“^ 

10.01 

18.90 




Table Xl I 



Z1 


pin 

u y a. li 

8.2 S i C on c en t rat 

i'.n on t 

he 



Flutc.ti 


Reco've 

£1 2 l lbs Mineral 

e (Tenve 

1' Cell) 










31. 

0 . 

“'T o 0 1 

2.U JL 

Concent 

mole/l 

rat ion 

i t' 

0 

Concent rat ion 
mole /I it 

Final 

T*' 

rercen 

Escove 

t Ilineral 

ly 

1. 

7.401 

X 

J! 

10“"^ 

0.00 

9.49 

87.36 


2. 

7.401 

z 

10“^ 

1.362 X lO”'" 

9.60 

95. 19 


3. 

7.401 

z 

10"^ 

3.724 X 10“" 

9.48 

97.42 


4. 

7.401 

X 

10“^ 

9.307 X 10”"^ 

9.75 

68.24 

Ilmen it e 

5. 

7.401 

X 

10-'^ 

1.489 X 10”^ 

9. 74 

46.70 


6 . 

7.401 

X 

10""" 

2.234 X 10"^ 

9.54 

6.02 


7. 

6.579 

X 

10“"^ 

0.000 

9.73 

76,60 


8. 

6.579 

z 

10”'" 

3.724 X lO”'^ 

9.73 

95 . 10 


9. 

6.579 

z 

10“^ 

5.585 X 10”'" 

9.62 

94.62 


10. 

6.579 

X 

10”"^ 

7.446 X 10”'" 

9.65 

96, 15 

'fonazite 

11. 

6.579 

X 

10”‘^ 

1.303 X 10”^ 

9.63 

95.55 


12. 

6.579 

z 

lO”*^ 

2.606 X 10”^ 

9.60 

94.45 




-'^PSEDIX E 





H'EITTAL 

Oli 






Table r-II 





;0ii of Op 

01 G J'.t G 0 


1:1; pP.'iPPPP. 

,nal 




Pli 

Q 

^ * 



SI. 

,U • 

T/t . c i Ir. 
Soli a S: 

it ial 
n 2 T. . 

le/lit . z 

Initi 

pii 

10‘" 

.p.l Final 

“T'^U 

Final Ccncn. . 
n:'l6/lit.::1ii'- 

;a01 Edcprcei 

I*** ILc / 

i m 

5.0886 

4.605 

9.15 

S.85 

1 . 275 

1 .355>:10“^^ 

2. 

2.7036 

4.605 

3.95 

S.81 

1 . SC7 

- r . /^-tn-10 

i-.. G’p-e-siu 

m 

2.4514 

5.262 

8.96 

8.50 

1.358 

2.S85n1C“"^^ 

T m 

2.8214 

7 . 854 

8.95 

O • >J p 

C ‘ i X 

# O i J 

3. 7 47x1 0""*" 

5. 

2.8101 

8*553 

o a*'' 

6.93 

3 . 996 

3.377x10“’'^ 

6 . 

3.1572 

9i21C 

2 . 98 

8. 35 

3.322 

3.661x10"’®'^ 

7. 

2.5120 

9.210 

9 . 04 

9.03 

4.720 

3.724x10"^'^ 

Cj « 

2.1656 

10.524 

9.03 

5. 18 

5.250 

4.1 19x10" 

9. 

2.8556 

11.190 

9.05 

5.-6 

5.570 

3. 782x10" 

10. 

3. 96 07 

12.50C 

O Q 

, U • ’4,' O 

6.‘r5 

T ’C O 

P If ci. O €L 

-10 

3.785x10 

11. 

7 Q?06, 

ti- * ■_/ £. V' 

13.150 

9.07 

8.95 

' 9 00 f 

i ♦ 

.r. 660x10"^° 
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Table X^7III 



Effect 

of pi 

I on the Hdsorptio 

n of Sodium 01c 

ate on Zirecn 



Initial Had 

Con cent rat 

ion; 6.57S>:1C"' 

Eole/lit. 


SI. 

Ho. 

Ht.of 
Solid 
(gms. ) 

tir;l 

pH 

Final 

pH 

Final HaOl 
Concn, 
(inole/iit.x:1 

i'l 3,01 

/ . ..tde:rbcd^ ■ 

Iu 0 le/ci.i 2 

(05")IincJ. 
Concn. 
3olc-/lit . 

(OH)!!- 

scrbed 

mole/cniS 

1. 

3.0598 

8.64 

7.75 

3.075 

2.371x10“^^ 

5.62vx10“” 

5,151x10“"* ' 

2. 

2.3511 

9. 55 

9.32 

3.898 

2.O72:-‘:10“^^‘ 

2.095x10“^ 

2.563x10"’*' ' 

3 • 

3.3386 

10.3 

9.56 

5.616 

1 . 714 x 10 

9.730x10“^ 

1.269x10”° 

4. 

3.8282 

10.62 

9.94 

6.298 

1 .513x10“"*° 

8 . 71 1 x 10 “^ 

3.568x10“° 

5. 

4.31C2 

10.74 

10.12 

5.640 

4. 500x10“"* "* 

1.318x10"° 

3.402''tC' / 

6. 

3.3694 

7.00 

6.99 

5.591 

6.065x10“"*"* 

1 .COOxlO""^ 

— 

7. 

4.0656 

8,64 

7. 16 

4.061 

1.262x10“"*° 

1 .44 5x1 0""^ 

4.299x10""' ’ 

0. 

3.3456 

10.10 

8.90 

3.618 

1.833x10“"*° 

7.941x10“^ 

1.461x10"" 

9. 

3.17C1 

10.55 

9 . 64 

6.448 

S.6'J0x10 

4.365x10“^ 

4.067x10“° 

1C. 

2.8296 

10.87 

10.58 

6.546 

2.416x10""*"- 

3.802x10“° 

5.430x10“" 

11. 

3.682S 

7.65 

7.24 

3.537 

1.711x10“"*° 

1.740x10"^ 

2.953x10“"* ' 

12. 

2. 6786 

6. 55 

6.82 

4.309 

1.756x10“"*° 

— 


15. 

2.4706 

5.65 

6.70 

3.866' 

2.275x10“^° 

— 


14. 

2.5704 

4.13 

5.85 

2.470 

3.360x10“"*° 

: 



\,o 



VJ1 


Tatle XIX 



srfoct 

of -t 

^11 t 


of l,aOi on 

Zircon. 




In it 

”* P 1 

.01 Co 

ncentinit iov; 

: 3.29:c10~“’‘ a- 

Xc/lit. 


■r'-' 1 

^ ft 

.1C ♦ 

T/t 
Sc 
( .gt' 

w J _L, J_ 

lii t 

11 — 

J-C*.— 

pH 

Final 

M-i i 

1 

jj xrici.„- 

OaOl 
Ccncii. 
f.ole/lit . >'1 

IlaOl 

j.jh . . jO;'..- X UC ^ 

Eole/ci:^ 

J 

(o:r) final 

Gcncn, 
r-’C Ic' / X it , 

(OH) Ad- 
sorted „ 
uole/cti 

1. 

3. 

9930 

50 

f*', -'■’i 

OmC 0 

1.237 

1.064x10~'‘^ 

4.787x10“^ 

1.571x10“”^® 

2. 

3. 

24 S 6 

9-82 

9.14 

nC • w- 1) S 

7.9755:10“^’^ 

1.320x10“^ 

6.665x10"”^^ 

3. 

2. 

7596 

10.43 

10.00 

3 . 204 

4.504x10"^'^ 

1 .000x1 Q—'” 

2. 5 590 : 10 “^ 

4. 

3. 

3C31 

10.62 

10.28 

2.8S1 

2.661x10”^’’ 

1.905x10“" 

2.839x10"^ 

5. 

4. 

173 s 

7.88 

7.26 

0.633 

-in 

1.318x10 " 

1.319x10“'^ 

5,731x10“'^ 

6. 

3. 

2802 

7.25 

6.95 

0. 929 

1.490x10“"'^^ 

8.914x10“^ 

1 . 119 x 10 “^^ 

7. 

C • 

SO 24 

10.13 

8,15 

0.970 

1.714x10"^"'^ 

1.412x10“^ 

1.551x10“^ 

8. 

3'. 

1 894 

8.90 

7.80 

0.657 

1. 709x10- ■'0 

6.308x10“’^ 

9.495x10“^' 

• 

3. 

3176 

10.94 

10.50 

C.3C6 

1.4370:10“’^ " 

3. 163x10“*’ 

6.918x10"^ 

10. 

2. * 

8276 

5.95 

6.65 

1. ,96 

1.314x10"'"’ 

— 




Tatle XX 


Bffect 

zi on on t'ne 4dsorpti 

££ Us ClQ.s.'tG^ 

on Iriz'con 


Ir.i-tial llaOl Concentr 

01 ; ion: -.93x1 

mola/iii. 


SI. 

ITo. Solid 
CgES. ) 

Ini- Final Final 
tial pH NaOl 

pH Ccnen. 

(Ilolc/lii.i'-l 

ITaOl 

adsorbed 

mole/cs2 

0") 

(OH") ions 
Final 
Concri. 
noic/lit. 

(OH; ions 
Adsorbes^ 
L!ole/c“^ 

1. 3.571S 

S.53 7.38 1.496 

2.0502:10“^° 

2.399x10“'^ 

3.651x10"'’^ 

2. 3-6004 

9.10 7-72 C.773 

2.394x10"^° 

5.250x10“^ 

1.388x10“''^ 

3. 3.5126 

9.65 8.26 0.882 

2.424x10“'^ 

1.819x10“^ 

5.049x10”’'^ 

4. 2.9746 

10.18 8.34 2.056 

2.004x10“’^° 

8 . 71 1 x 10 “^ 

1.986x10"^ 

5. 2.6264 

10.45 9.26 3.289 

1.296x10"’^" 

1.819x10“^ 

4.159x10'"^ 

6. 3-5196 

1C. 65 9. SC 4.111 

4.840x10 ‘ 

6.308x10"^ 

4.655x10“^ 

7. 3.0266 

10.85 1 0.28 3.947 

6.753x10"’^”* 

1.905x10"^ 

8.041x10"^ 

8. 3.9647 

6.90 7. 00 2.632 

1.202x10"^'^ 

— 


9. 3-3324 

5.50 6.40 2,302 

1.425x10 



' 

10. 3.1865 

10.28 8.6C 1.727 

2.084x10"'^“' 

3.981x10"^ 




Table XXI 



^ -L 'w- w» 

;''4 *' • ir 

on the Adsorption of Sodiiir 

Ole ate on 





Zlrco. 

7, 




Init j 

.al iiaC 

1 Concent rati 

...li • m 

mole/lit . 


SI. 

rlo. 

T/t . Q 1 
Solid 
(gms. ) 

Ini- Final Final 
tial pH HaOl 
pH Ooncn. 

(mole /I it 

“A ^ A ' 

t 

Adsorbed 

laole/cn^ 

.zio"' 

( DH“ ) ions 
Fin al 

Gcncn, 
cole /I it 

(OE) ion 3 
Adsorbed 
mole/ cm2 

1. 

3.0332 

8.00 

7.10 Oi937 

9.32-;-xi:”^'^ 

1.255x10"'^ 

1.194x10“”’ 

2. 

3.3811 

8.68 

7.28 Oi,526 

1.088x10“^° 

1.905x10“'^ 

5.626x10"’’ ’’ 

3. 

4.9411 

10.00 

8.02 0.773 

6.409x10“^”^ 

1.047x10“^ 

8.301x10“’’° 

i,|.. ^ 

3.6146 

9.05 

7.68 0.542 

1.008x10“’^° 

4.787x10"^ 

7.370x10"’’'’ 

5. 

- 5 . 1^26 

10.55 

9.84 2.253 

2.754x10“^^ 

6.920x10“^ 

5.187x10"^ 

6i 

3.3206 

5.15 

6.35 1.365 

5. 848x10"^ 

— 


7. 

3.3558 

4.32 

5.82 1.151 

5.641x10“^’* 

— 


8 

2.9720 

10.66 

9.80 


6.308c10"^ 

5.792x10“^ 

3. 

2.7578 

9.70 

(’.70 6.907 

1.210x10~^° 

5.012x10“’^ 

7.452x10"'’° 

10. 

5.2926 

10.35 

9.45 2,302 


2.815x10”^ 

2.460x1 0"^ 


10 



Table XXII 



Bfiect^ o_f 

Temperature o: 

n the -Idsorptioii oi No, 01 on 




Zircon G 

0 net ant Initi 

.al ppi. 



Initial N 

aOl Concentration: 3.289 x 

10"^ nole/lit. 


SI. 

No . 

'.Te ignt 

C' 1 

sample 

In it ial 
pK 

linal 

pH 

Temperature 

0 r% 

W 

Pinal llaOl Adsorption 

Oonen. mole/cio- 

(inole/lit.xlO'*^'') 

1. 

3. 5906 

6.02 

6.70 

25.5 

1.431 

1.436x10“’’- 

2. 

3.63iL9 

8.45 

7.18 

25-5 

0.937 

1.322x10“’’’“ 

3. 

3.9624 

9. 55 

7,65 

25.5 

0.617 

1.377x10”’”“' 

ij. ^ 

3.1166 

6.02 

6.64 

30.0 

0.773 

1.671x1 0“’”" 

5. 

3.0326 

8.48 

7.26 

30.0 

0.625x1 

1.821x10“ 

6. 

3.8300 

9.52 

7.61 

30.0 

0.724 

1.385x10"’’'"' 

7. 

3. 3361 

6.02 

6.72 

35.0 

2.237 

9.191x10“’’’’ 

8. 

3.2730 

8, 48 

7.52 

35.0 

1 . 26i 

1.035x10“^’’ 

9. 

3. 8S56 

9.60 

8.00 

35.0 

1.809 

1.098x10"’’° 

10. 

3.4630 

8.52 

7.40 

40.0 

1.513 

6.292x10“’’"' 

11 . 

4.0706 

9.55 

7.75 

4C.0 

1 . 345 

6.947x10"’’’’ 



t") 


Table XXII I 




I'laP zTi Zircon at Cjnstcjit 
Initial pH 9.1 +0.5 


SI 

I/l 

-i KJ • 

Wfe i ant 
of zirccn 
( Sss) 

initial 

pH 

Final 

pH 

- HaF ccneantrat ion Knp 

(noir/TitV ’(n^/r’' ’ , 

^ ' (nole/cm^) 

1. 

2.5582 

9. 10 

7.35 

2.3810:10“*^ 2.191n10““" 

1.543x10“'*'^ 

2. 

2.5056 

9.10 

7.10 

5.526x10“'" 9.G4Sx1C”‘" 

3.938x10“”*’* 

3. 

2.8239 

9.12 

7.65 

1.191x10“^ 1.131x10“^ 

1.351x10“"'”* 

4. 

2.9051 

9.08 

7.35 

2.381x10“"' 2.191x10“^ 

1.358x10“”'° 

5. 

2.2438 

9.14 

7.49 

2.858x10“'^ 2.236x10"^ 

5.278x10“”'° 

6 . 

2.9433 

9.15 

•7 4 4 

f 

3.572x10“^ 2.619x10“^ 

6.702x10"”'° 



n A 


'T1" 



3 'j '1 r 



Initial 

Sodi-um Oleate Concentration; 

4.934x10““ nole/lit 

SI. 

llo. 

Yfeight 
of solid 

(gES. ) 

Initial 

pH 

I'inal 

pH 

HaF Con- 
centration 
(ncle/lit ) 

i« aOl 

I.d sorbed 

(nole/cE^) 

. llaP 
Adsorbed^ 
(mcle/cm^) 




In it i 8.1 

pH Constant 

at 10.3 + 0.1 


1. 

2.97^6 

10. 18 

8.94 

0.00 

2.004x10“”*^ 

0.00 

2. 

5.7234 

10.34 

8.18 

2.581x10”'' 

2.082x10“’^^ 


3. 

3.4836 

10.18 

8.15 

4. 76 2x1 0~' 

1. 926x10“ 

1 1 

2.123x10“ 

• 

2.2572 

10.40 

9.25 

9,526x10“‘' 

1.756x10“'^^ 

2.185x10"'’'' 

5. 

3.4600 

10.34 

9. 15 

1 . 191x10“^' 

1.525x10“''° 

4.986x10"'*'' 

6. 

2.9381 

10.30 

9.83 

1.666x10“^ 

7.308x10"'''' 

1.174x10""'^ 



Initial pH c 

on start at 

10.5 + 0. 1 


7. 

2,6264 

10.-, -5 

9.26 

0,00 

1.296x10“''° 

0.00 

8. 

2. 18v8 

10.52 

9.84 

7. 145x10~' 

1.450x10"^° 

7.740x10"'''' 

9. 

2.8452 

10.55 

9.52 

9.526x10"'^ 

1 . 308x^0“ ° 

— — 

10, 

2.554'.. 

10.53 

9.62 

1.429x10“^^ 

1.096x10“ ''' 

2.898x10“^"' 

11. 

2.7755 

10.53 

9.52 

1.905x10“"’ 

6.223x10“'' ^ 

1.423x10“''° 

12. 

2.7872 

10.45 

9.50 

2.143x10“-" 

7-638x10“''^ 

i n 

2. 12.;xi0“ 

13. 

2.4154 

10.60 

9.36 

2.381x10“^ 

5.250x10“'''' 

3. 146x10"''° 



Tatle XXv 


^' 130 ration c; 


SoditEi Oleate and ScdiuTi Fluoride at 


Const -nt Final pH 9.7 .t 0.15 



Inixia,! 

ScdiuE 

Ole ate 

Concentrc.tion : 

4.934 X 1C"'' 

" xoles/lit 

SI. 

Ho. 

v/ei,3ht 
of the 
solid 
(gES. ) 

Initial 

Final 

IT3.P 

0 on cent ra- 
tion 

(mole/lit) 

aO -i 

Adsorpt ign 
(nole/cui'^) 

:iaF 

Adsor'bed^^ 

(mole/cm*^) 

1. 

3.5196 

10.66 

9.80 

0.00 

4.840x10"''’’ 

0.00 

2. 

3.2867 

10.62 

9.76 

2.381x10“'’' 

5.445x10"’’^ 

4.765x10"’’’’ 

3. 

2.4871 

10.60 

9.58 

4.762x10“"^ 

7.257x10"’’^ 


4. 

2.1848 

10.52 

9.84 

7.1 45x1 0~‘^ 

1.450x10"’’° 

4.740x10"’’ ’’ 

5, 

2.8452 

10.55 

9.52 

9. 5 26x1 0“*'*" 

1.308x10"’’° 

— 

u » 

2.5543 

10.53 

9.62 

1,429x10“^ 

1.096x10"’’° 

2.898x10"’’’’ 

7. 

2.9381 

10.50 

9.83 

1,666x10"^ 

7.308x10"’’’’ 

1.174x10"’’° 

8. 

2.7751 

10.53 

9.52 

1.905x10" 5 

6.223x10"’’’’ 

1.443x10"’’° 




% 



Table X»ri 



Adsorption 

cf Sodi'din 3ilic.?to 

:n lirccr. a1 

. o-'O 

0 w wAi D 4 U* 


in it io.l 

P- 3.2 T 


SI. 

ITo. 

Weight 
of solid 
(gms. ) 

Initial 

pH 

Pinal 

pH 

i.4 CfeO' ii3 

3 

Con cent ra- 
ti on 

(nole/lit;) 

llsorbed 

(role/ciuS; 

1. 

1 . 9806 

9.21 

6.88 

7.142x10"^ 

2.465x10“'^'* 

2. 

2.4262 

9.23 

6.96 

2. 142x10“"^ 

4.634x10“’^"’ 

3. 

2.6162 

9.23 

7.14 

4.285x10"^ 

6.051x10“^”^ 

4. 

2,8206 

9.23 

7.16 

6.427x10“"^ 

6.087x10"'®"' 

5. 

2.1270 

9.25 

7.36 

8.5705:10"'^ 

6.153x10""'"' 

6, 

2.8554 

9.25 

7.64 

1.142x10”^ 

7.463x10""'"' 

7. 

4.0029 

9.25 

7.42 

1.429x10“^ 

8.582x10""'”' 



Table XXVII 


Aa sc rp tion of Sodi nr. Ole ate arid Sodiur. Silicate at 
Co rtst;an t Initi al pK 9.C 0.05 



Initial Sodiun Ole 

ate C< 

oncentistion: 

3.239X10"''’' r: 

lole/lit 

SI. 

Ho. 

Yfeigbt of 
Solid 
(gms. ) 

Initial 

pE 

final 

pH 

Ha.^3i0, 

3 

Soncen- 
t rat ion 
(solc/lit) 

ITaOl 

Adsorbed^ 

(raole/cni'^) 

HagSiO^ 

adsorbed 

(mole/cn2) 

1. 

3.5219 

8.96 

7.52 

n 

W *. w w 

1, 249x10'"^" 

0.00 

2. 

3.0347 

9.00 

7.74 

7.1 42x1 O"^ 

1.155x10“^^' 

8.078x10"’*’* 

3. 

3.2811 

9.05 

7.90 

1,429x10“^ 

1.038x10"^^ 

6.313x10"’*^ 

/t 

“r * 

4.2748 

8.95 

7.52 

7. 142x10“^ 

8.966x10"’^”* 

3.806x1 1“^ 

5. 

3.2669 

9.05 

7.75 

2.142x10"^ 

1.113x10”’^'^ 

3.442x10"’*’' 

6. 

3.3514 

8,98 

7.67 

3.572x10"^ 

1.009x10"’*® 

3.403x10"’*'* 

7. 

3.3279 

9.03 

7.85 

4.999x10""^ 

1.034x10"’*® 

2.246x10"’*’* 

8. 

3. 4584 

9.06 

8.42 

2.142x10“^ 

3.942x10"’*’* 


9. 

3.2016 

9.04 

8.54 

2.857x10"^ 

3.726x10"’*’* 

1,769x10"’* 

10. 

3-8392 

9.01 

8.28 

2.500x10"^ 




11. 

3.7630 

9.05 

8.50 

3.572x10"^ 


4.811x10"^ 



Table XXIX 


Adsorpti on of Sodimn Oleate and Sodit m Silica te at 
Gonstant I nitial pH 10. 00 > 0. 1 

Initial Sodium Oleate Concentration: 4.93-'x1C“'^ mole/lit 


SI. 

Ho. 

Weight 
of Solid 
(gms) 

Initial 

pH 

Eina.1 Nag Si 0^ 

Concen- 

tration 

(mole/lit) 

HaOl 
Adsorbed 
(mole/ cni2) 

Ha 2 Si 03 

Adsorbed^ 

(mole/cn2) 

1. 

2.9746 

10.08 

8.94 

0.00 

2.004x10“"^° 

0.00 

2. 

3.0739 

10.01 

8.60 

2.142x10“^ 

-.10 

1.857x10 ^ 

1,013x10“”’^ 

3. 

2.9198 

9.91 

9.07 

3.572x10"'^ 

1.339x10"^° 

1.554x10"”'° 

4. 

3.4062 

10.14 

9.65 

4.285x10"^ 

1. 050x1 0""^° 


5. 

2.1946 

10.04 

9.59 

5,714x10“'^ 

1.242x10"*'^^ 

— 

6. 

2.6526 

9.99 

9.81 

7. 142x10""^ 

9.632x10"”’ 1 

2.052x10"”'° 



Table XXX 


25c 


A dsorption of Sod l-ua ^S il icate _and So dim Oloa te at 

Constant gin al pH 



Initial 

Ha Olsato 

Concentration: 4 . 

93-v X 10“'‘' n: 

>l:/lit 

SI. 

Ho. 

Wt . 0 f 
Solid 
(gms) 

Initial 

pH 

Final 

pH 

iJa2SiO^ 

Concen- 
tration 
(mols/lit ) 

laOl 

.idsorlDed 

(nole/cr^) 

ll Srrt 'iSl lO 

£ ■ 5. 
Adsorbed^ 

(nole/cffi‘=^) 



Final 

pH 9 

.45 + 0.1 



1. 

■ 2.5336 

10.79 

9.44 

0.00 

1,701x10“^^ 

0.00 

2. 

3.0146 

10.49 

9.46 

7.142x10“^ 

1.835x10"’’° 

1.403x10"’’’’ 

3. 

2, 1946 

10.04 

9.50 

5 . 714 x 10 "^ 

1.242x10"’’° 

0.00 

4. 

2.6486 

9.90 

9.303 

8.570x10"*^ 

1.222x10"’’° 

1.823x10"’’° 

5. 

2.4961 

9.92 

9.43 

1.285x10"^ 

1.293x10"’’° 

O.OC 

6, 

2.6652 

10.00 

9.52 

1.429x10“^ 

O.OC 

1.999x10"’’° 



Final 

pK 9. 1 

85 x 0* 



7. 

3.5196 

10.66 

9.80 

G.CO 

4.840x10"’’’’ 

0.00 

8. 

3. 33:30 

10.46 

9.77 

1.429x10“''' 

1.181x10"’’° 

c.oo 

9. 

2 . 9790 

10.34 

9.91 

2. 142x1 0"'" 

9.603x10"’’’’ 

5.389x10"’’"’ 

10. 

2.6526 

9.99 

9.80 

7.142x10“'^ 

9.632x10"’’’’ 

2.052x10"’’° 

11. 

3.1590 

10.00 

9.89 

1.071x10"^ 

1.106x10"’’° 

2.061x10"’’° 
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Table UXI 

Adsorption of Sodium Oleate in the Presence of Scdium 
I'luo silicate at Constant Initial pH 9.0^0. 1 


Initial Sodium Oleate Concentre t ion; 4. 94x1 0”'" molo/lit- 


SI. 

Ho. 

m, of 
Zircon 
(gms. ) 

Initial 

pH 

Final 

pH 

KagSil'g 

Concentra- 

tion 

(Mole/lit) 

la Oleate 
.id sorbed^ 

(Mcle/cm2) 

1. 

3.6004 

9. 10 

7.72 

0,00 

2.39- xIO""^® 

2. 

2.8080 

9.08 

8.48 

5.319x10”^ 

2. 184x10"^^ 

5. 

3.2166 

9.02 

8. 60 

1.064x10"^ 

1.271x10"'*^ 

4» 

3.0429 

9.00 

8.30 

1.596x10""^ 

1.426x10"”*° 

5. 

2.8916 

8.95 

7.70 

2.128x10"^ 

1. 272x10" 

6. 

2.4266 

8.96 

8.30 

2.659x10"'^ 

1.152x10"”*° 

7. 

2.5574 

9.00 

8.04 

3.192x10"'^^ 

7.379x10"”*”* 



Jj?FSifDIX F 

E lEGIROKniETIC MEA3UHgI-,3:fgS 
Tatle XXJ:II 


Effect 

of pH on the 

Electrokinetic Prope 

rties of Zircon 


Variable 

lotal Ionic Concentration 

SI. Ho. 

Initial 

pH 

Electrophoretic 

mobility 

(microns) 

Seta Potential 
(m volts) 

1. 

3.67 

— 1.928 

- 25 # 05 

2. 

4. CO 

- 1.232 

- 15.94 

3. 

4.22 

- 0.8307 

- 10.79 

4. 

4.40 

- O.V291 

- 5.575 

5. 

4.62 

- 1.113 

— ..I * ‘T 9? 

6. 

5.45 

- 0.9471 

- 12.31 

7. 

6 . 40 

_ 0 - 72.7 

- 9.454 

8. 

7. 16 

- 1.452 

- 18.87 

9. 

9.06 

- 1,616 

- 21.01 

10. 

9.73 

- 6.017 

- ^8.21 

11. 

9.90 

-11.24 

-146.2 

12. 

10.06 

-11.60 

-150.7 

13. 

10. 10 

- 9.131 

-106.4 

14. 

10.20 

-11.68 

-151.3 

15. 

10.42 

-13.96 

-ISI.o 

16. 

10.55 

-12.78 

-166.2 


The electrophoretic motility is expressed as 

microns sec-^/volts It will be referred as 'miercns 

in subsequent chapters. 



Table XXXIII 


.Offset of pH on the lulectrokine tic P rore rt i c s of 
Z ircon ^ Con stout KCl Co ncen t ratio n 


SI. 

TTo 

i’i O « 

T'inal 

pH 

Slectrophoret ic 
nobility 
(inicrcns) 

2eta icten' 
(n VO lx 


KCl Concentration;: 1.0 

X 10"^ M 

1. 

2.64 

- 8.407 

-109.50 

2. 

3* 75 

- 3.527 

- 45.85 

3. 

4.30 

- 2.916 

- 37.90 

4. 

6.15 

- 1.959 

- 25.46 

5. 

9.45 

- 2*969 

- 38.59 

6. 

9.43 

- 4.93 

- 64.08 

7. 

10.00 

- 5.96 

- 77.46 

8. 

10.41 

- 6.57 

- S5.45 


SCI Con cent lat ion ; 5.0 

X 1C~^ II 

9. 

6.91 

- 9.084 

-113.10 

10, 

8.01 

- 7.257 

- 94.34 

11. 

8.10 

- 7*466 

- 97.05 

12. 

9.81 

- 9.954 

-129.30 

13. 

10.31 

-13.16 

-171.10 


CQ 



m 



Table XXr/ 


.-ilifiSi 2^ MI ion on the E lectiok inet: 

£-?iLL“'^les cf lircoi. at Constajit -,K. 


Pinal pH - 9.00 


C!1 

wo. m. 

No. 

NaF 

Con cent rat ion 

Pinal 

pH 

SI e ct roph o ret i c 
Hobility 
(si crons) 

Zeta 

Pctent ial 
(s vclts) 

1. 

0.00 

9.02 

- 1.6C8 

- 20.90 

C «!' 

4.005x10"^ ■ 

9.05 

- 1.638 

- 22.07 

3. 

2.3S1x1G~5 

9.00 

- 3.521 

- 45.77 

» 

2.858x10“^ 

8.95 

— * '-.'40 

- 57.72 

5* 

3.573x10"5 

9.05 

-10.33 

-134.3 

c .» 

4.762x10"^ 

8. 98 

-12.27 

-159.5 



Table MIT I 



T>w nc eri'tra't i-. ii ■•jf 3 

y.- rt x-^ s 01 t.irc'jn ab Ccns 


r iri a 1 


i jf 


H - 


9.C-1- + 0,0; 



Ha^SiO-z _. 

. ^iTiai Slectrc- 

c wZiti !)?aij ioa p;*! "obopeb'^c 

iv'iobility 

(Ei c roas) 


1. 

0.00 

9.02 

-1,608 

2. 

1.129x10“"^ 

9 . 0 s 

- 1 . 664 

>*' • 

2.859x10“"' 

9.09 

- 1 . 662 

• 

7. 1v2:<:10“" 

9.04 

-3.973 

5. 

1.071x10”"'' 

9.06 

-5.685 

6. 

1.429x10”^ 

9.06 

-5.255 


1 tno 

u -" r ."" ' t : H . 


feta poten- 
tial 

(n: v:its) 

-20.90 

- 21,69 

-21.65 

-51.64 

-73.99 

-68.31 



I' able XXXVII 


ll !f!. iiap.2i?g on the 

cf Zircon ” 


31. 

he. 

'■* ^2 oiFg 

Concent rat ic n 

Final 

pK 

Sleet ro- 
tihe retie 
iCclility 
(micron) 

Zeta 

Potential 
(m volts) 

1. 

W • UU 

9.C2 

-1.608 

- 20.90 

2 . 

7.9^^5 X 10“^ 

3,95 

-1.918 

- 24.93 

3. 

1.117 X 10“"^ 

Qm 9£ 

-2.. ..34 

- 31.64 

t.,,. ^ 

1.595 X 10"'^ 

9. CO 

-2.353 

- 50.59 ' 

5. 

?.390 X 10"“ 

8.96 

70.1 
♦ 1 "r 

- 36.52 

6. 

1 

o 

T"* 

o 

8.98 

-3. 331 

- 43,30 



Table jar/Ill 




Prcoerties of 


Conc ert rci -cion cn the 
Z ircon at Cons t on t r,-H 


C4 A A* r* 

V * i w • -.C J 


SI. 

d C' . 

lla 01ea.te 
Concenxration 
(Fioleyiit . ) 

£ inal 
pK 

3 1 c 0 1 x*C' p h, 0 X 0 !'■ i c 

4 * 4 .f ,, 
u'o. j-I. yj; 

(Llicrons) 

■3eta It 0 ten 

(m volt 

1 . 

0.000 

09.02 

- 1 . 63 s 

- 21.30 

2 . 

0.000 

9.06 

- 1.643 

- 21.35 

3 . 

4.111x10“^ 

9.04 

- 3.040 

- 39.52 

4 . 

1.052x10-"^ 

9.06 

- 2.874 

- 57.36 

5 . 

2.056x10“'^ 

8.98 

- 5.078 

- 66,01 

6. 

4.111x10“^ 

9.05 

- 7.649 

- 99.43 

7. 

6.167x10“^ 

8.99 

- 8.554 

-111.20 

8. 

1.028x10"^ 

9.02 

-10.620 

-138.00 

9. 

2.056x10"^ 

8.97 

— 8, '25 

-108.60 

10. 

2 .46 7x1 0~^ 

9.04 

- 7.004 

- “1.03 


10 



Sable Xi:xlX 



5Q 


i X 

ISi ^ Ole ate Ad’iti-.n 

PA'AI-trties of 2irc'-ri at r. 

2B. 'tbe llectrokine 

OBstant r:ti 

.05 

"t i c 

r». ’r-T « 

9.95 i 0 

31. 

m 

Na Ole ate 
Concent rat icri 
Kole/lit 

Pinal 

pH 

Ela ct TQ'oh 3 rc t i o 

(riicrxBs) 

leta 

^tential 
(a volts) 

1. 

0-000 

9.94 

- 5.645 

- 75.33 . 

2. 

4.111x10“^ 

9.96 

- 5.761 

- 74.85 

3. 

2.056x10"^ 

9.94 

-10.350 

-134.6 

4. 

6. 167x10“'^ 

9.95 

-12.850 

-167.0 

5. 

1.028x10“^ 

9.92 

-13.03 

-169.3 

6. 

1.233x10“^ 

10.00 

-10.40 

-135.2 

7. 

1 .64‘’:-XlO~^ 

5.92 

- 3. 782 

-114.1 




xabli 


XL 


2 .^ £2 cr. tj^_ ^ lrctroki.n..-tic ^£:p£i^ic s 0:' 

Const ant Sociiiin Oloate Addition 


iiircor. 


SI. 

*? 

*.4 W m 

Pina 

pH 

1 nl e at x'o pho re t i c 

lOobility 
(aicrans) 

Let a Potent ial 
(e. volts) 



IlaOl Concentration 

: 6. 579 : 010 "'^ ncle/llo 

1 . 

7.90 

- 6.351 

- 62.55 

/p. 

9.25 

- 8.722 

-113.4C 

3 . 

8.50 

- 7.563 

- 98.28 

4 . 

9.02 

- 8.828 

- 114. 6 

5 . 

9.03 

- 8.660 

-112.6 

6 . 

9.53 

- 9.196 

- 119.5 

7. 

9.98 

-13.96 

-181.4 

8. 

10.58 

-14.38 

—186, 8 

9. 

10.72 

- 15.33 

- 199.4 

10. 

10. 10 

-11.33 

- 147.3 

11. 

9.82 

-10.79 - 

-14C.3 

12. 

10.59 

-14.32 

-166.1 



N aOl Concent z’at icn • 

4.11 1x10-4 mole/1 it , 

13. 

8.67 

- 5.766 

- 74.94 

14. 

9.C0 

- 7.500 

- 97.47 

15 . 

9.35 

- 8.708 

- 113.2 

16, 

9.90 

- 9.987 

- 129.8 



HaOl Concentration: 

1.973x10“^ molc/lit. 

17. 

8.35 

- 4.634 

— 60.24 

18. 

9.20 

- 5.559 

- 72.26 

19 . 

10. 10 

- 7.625 

- 99.10 

20. 

10.28 

- 13.93 

-181.09 

21. 

10.20 

- 8.843 

- 114.9 

22, 

10.42 

-12.36 

-160.6 


Table XLI 
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l£5r,.2?. 2?. Sodi uia Fluor ide Addlt i-;n Qn_ Sloctr o kiiietic 



Prc;,erti3s 

Cl Zircon 

at Const ant Sod_ri^ Ole 

ate 



ticn. 


SI. 

I'iaF 


Bloctropboret ic le 

ta Potential 

xi 0 « 

Concant ration pH 

Hobility 

(n ■volts) 


(mclcylit) 


(Ilicrons) 



llaOl Gone 

:entrat ion : 

6.579 X 10"“^' mole/lit 




Initial pH 


1. 

0 • O'OO 

9.00 

- 6.601 

- 85.80 

2. 

2.977x10"^ 

8.92 

- 7.295 

- 94.82 

3. 

5.954x10“"^ 

s'. 88 

- 7.433 

- 96.63 

4. 

7.619x10“^ 

8.98 

- 7.696 

-100.02 

5. 

1.286x10“^ 

9.00 

- 7.702 

-100.1 

6. 

1.905x10“^ 

8.68 

- 7.711 

-100.23 

7. 

3.610x10“^ 

6.97 

- 7.76b 

-100.95 

8. 

5.954x10“^ 

9.00 

- 9.938 

-129.84 


N aOl Concent rat ion ; 

4.934x10-^ mole /lit. 




Final pK 



9. 

4.762x10"'" 

9.70 

-10.49 

-136.3 

10. 

9.524x10"^ 

9.68 

-11.85 

-154.00 

11. 

1.905x10"^ 

9.74 

-15.24 

-198.4 

12. 

3.095x10“^ 

9.72 

-20.21 

-262.7 



Table XLII 


If feet of Sc-diiE Silicate Addition cn the Electro- 
ILne tic P roperties o^f Zirc on Co -nstar. t Sp£ij^ 

Ole ate Addition. 


SI. Ac. 

Concentration 
of IT£ 2 Si 05 
(mole /lit , ) 

Pinal 

pri 

Electro- 

phe retie -'-v- 

Kobility 

(liierons) 

Potenti; 
to Its) 


i.'aOl Concentration; 4, 

934 X 10"^ mole/lit 


1. 

0.000 

9.51 

-12.35 

-160. 5 

r“: 

£i • 

5.714x10“^ 

9.53 

-13.02 

-169.5 

3. 

1.429x10"'^ 

9. 53 

-16.55 

-215.0 

4. 

5.716x10''" 

9.46 

-14-23 

-1S5.6 

5- 

7. 142x10““^ 

9.54 

-13.72 

-182.4 

6. 

8.568x10"'" 

3.52 

-12.31 

-160.0 

7. 

5.998x10"^ 

9.58 

-11.45 

-148.8 

8, 

1.235x10'^ 

9. 55 

-11.62 

-151.1 


F aOl Con cent rat ioi 

1". 6.579x10"'" mole/lit. 


9. 

0.00 

9. 00 

- 6.601 

- 85.80 

10, 

7.142x10"^ 

8.98 

- 7.013 

- 91.16 

11. 

2.142x10"“^ 

9.00 

- 8. 782 

-114. 10 

12. 

4.284x10"^ 

9.04 

- 9.290 

-120.10 

13. 

7.142x10“'^ 

9.00 

- 8,281 

-107.65 

14. 

1.428x10"^ 

9.00 

- 8.151 

-105.95 
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Sable XLII] 


£ .luosilic a^^ i ©Ti 211 11 ^ Blect r: 

££?.£ 2 «ieE of Zircon at gpn 5tar.t 
Oj-Qste Concent rat icn . 


i^a 


SI. ilapSiP. 

2?c, o 

Concentration 
(ride /I it) 


Final 

pH 


^lectrophors 

I!obility 

(microns) 


:tic 


2 eta Potential 
(m volts) 


If aOl Concentration: 


2^8x1 mole /I it. 


1 . 

O.OCX) 

9.00 

2 . 

7 - 979 x 10 "^ 

9.04 

3 . 

1 . 595 x 10 “^ 

9.06 

m 

1. 117 x 10 “^ 

9.02 

5 . 

1 . 595 x 10 “^ 

9 .Q -1 

6 . 

3 . 9 Q 3 x^a~^ 

8.95 


^'«'^01 Concentration: 


7 . 

0.00 

9.06 

8 . 

4 . 255 x 10 "^ 

9.06 

9 . 

8 . 510 x 10~5 

9.05 

10 . 

1 . 489 x 10 '"^ 

9.05 

11 . 

2 . 553 x 10 “'^ 

9.03 

12 . 

7 . 446 x 10 -^ 

9.01 


- 6.601 

- 86.00 

- 9,204 

- 119.65 

- 9.986 

- 129.84 

- 9.221 

- 119.86 

- 8.151 

- 105.95 

- 7.730 

- 101.12 

ii 579 x 10 ~'^ mole /I it . 


- 7.163 

- 93.09 

- 11.91 

- 154.6 

- 16.69 

- 243.0 

- 13.20 

- 171.6 

- 11.92 

- 155.0 

- 6.412 

- 83.52 



iPPSIfjDIX G 


IMSiSii?! A5.3 IGlT:iiEHgS I'OR OLB10 
SODHB: OI£,i!I!E 


-ICID 




Table XLIY 


SI. 

JO . 


1 . 


2 . 

3. 

4-. 

5. 

6 . 


7. 


8 . 


Adsoiption 
Oleic Acid 

bands s 
Sodiiim Oleafe" 

Assignment 

1708 

— 

0=0 stretching of COOH 

group diner. 


1545 

-inti- symmetrical 0=0 

of salt oleic acid 


1450 

Symmetrical 0=0 of salts 

of oleic acid. 

920-960 

930-940 

OH deformation out of 

plane 

720 

720 

P-Ockir-g !/ode of CHg 

groups. 

Not resolved 

1180-1350 

Band Progression series 

due to wagging of CH^ 

d . 

groups. 

3100 

3100 

Stretching vibrations of 

C=0-H carbon-hydrogen 

bond. 

2920 

2920 

CH^ Methylene vibration. 



FIGURE 7« VARIATION OF 
REACTION ZrC 
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